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Executive  Summary 


Heavy  metals  are  a  ubiquitous  and  troublesome  class  of  pollutants,  and  lead  (Pb)  occupies  a 
prominent  position  as  a  contaminant  requiring  constant  attention.  It  is  a  RCRA  metal,  and  its 
presence  often  defines  a  waste  as  hazardous.  It  is  also  an  EPA  Urban  Air  Toxic,  meaning  its 
emissions  are  regulated  under  the  Clean  Air  Act  Amendment  of  1990.  Anthropogenic  sources 
of  Pb  from  military  operations  require  active  monitoring  and  sensing  to  ensure  environmental 
compliance  and  protection.  The  high  profile  of  Pb  is  linked  to  its  numerous  toxicological 
effects  over  a  wide  exposure  range  (1 ). 

Origins  of  Pb  in  the  environment  result  from  both  historical  and  current  uses  of  lead  compounds. 
Runoff  along  the  drip  line  of  buildings,  some  dating  from  as  far  back  as  World  War  II,  still 
contain  Pb  derived  from  the  lead  based  paints  commonly  used.  Outdoor  metal  structures,  such 
as  bridges,  are  frequently  covered  in  red  and  white  lead  primers,  from  which  Pb  is  released 
during  weathering  and  refurbishing.  Industrial  activities,  e.g.  smelting  of  lead  acid  batteries, 
still  produce  a  waste  stream  high  in  Pb.  New  guidance  from  DoD  Directive  4715  requires  a 
high  degree  of  management  and  monitoring  of  firing  ranges  to  maintain  operational  readiness 
while  protecting  human  health  and  the  environment.  The  impact  areas  on  these  firing  ranges 
are  replete  with  lead  due  to  use  of  numerous  lead  containing  munitions.  Range  managers  must 
carefully  monitor  leaching  of  lead  from  the  berms  to  protect  downstream  habitats.  These 
examples  and  others  would  benefit  immensely  from  a  field-portable  lead  sensor  designed  and 
equipped  with  features  and  characteristics  that  would  allow  real  time,  in  situ  measurement  of 
lead  in  ground  water. 

A  further  example  is  the  SERDP  Ecosystem  Management  Project.  This  is  an  ecosystem 
monitoring  program  focused  on  maintaining  and  improving  the  sustainability  and  native 
biological  diversity  on  military  lands  while  supporting  human  needs,  including  the  DoD  mission. 
This  program  establishes  long  term  monitoring  sites  on  DoD  lands  to  monitor  the  non-steady 
state  of  ecosystems,  especially  the  effects  of  military  activities.  Current  efforts  include 
measuring  equipment  and  remote  sensors  for  acquisition  of  water  quality  field  data.  Despite  the 
recognized  adverse  effects  of  chemical  pollutants  and  contaminants  on  aquatic  and  terrestrial 
biota,  these  critical  parameters  are  not  being  measured,  in  large  part  due  to  the  lack  of  a  field 
product  that  meets  all  requirements  for  remote  metal  sensing,  e.g.  rugged,  reliable,  sensitive, 
selective,  and  remotely  operable. 

Miniaturization  of  sensing  elements  is  currently  a  very  important  aspect  in  environmental 
monitoring  due  to  not  only  its  effectiveness  in  reducing  cost  and  labor  but  also  its  portability. 
In  recent  years,  considerable  interest  has  focused  on  the  development  of  miniaturized 
microfluidic  systems  (also  called  lab-on  a  chip)  offering  many  potential  benefits  including 
improved  analytical  performance,  fast  and  efficient  chemical  reactions  within  small  volumes,  and 
low  manufacturing  cost.  A  further  benefit  of  miniaturization  is  the  reduction  in  reagent  and 
sample  consumption  and  subsequent  reduction  in  the  quantity  of  waste  produced.  Through 
these  advantages,  it  is  considered  that  one  could  mass  produce  and  mass  employ  these  remote 
sensors,  particularly  in  long  term  monitoring  of  ecosystems.  This  research  furthers  the  state-of- 
the-art  in  microfluidic  sensing  devices  that  incorporate  molecular  beacons  for  the  detection  of 
heavy  metal  cations,  specifically  lead  (Pb“  ). 
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Several  literature  articles  have  been  published  describing  the  separation  and  simultaneous 
determination  of  metal  ions  based  on  microfluidic  device  (2-9).  For  example,  Jacobson  et  al. 
have  demonstrated  a  successful  separation  of  Zn,  Cd,  and  Al  with  detection  limits  of  several  tens 
of  ppb  on  a  capillary  electrophoresis  (CE)  microchip  (4).  Deng  and  Collins  (9)  have  utilized 
colorimetric  detection  to  demonstrate  the  separation  of  six  heavy  metals  including  Pb2  .  These 
heavy  metals  were  effectively  separated  and  simultaneously  determined  on  a  CE  microchip  with 
detection  limits  of  sub  ppb  concentration  level  after  preconcentration  by  solid-phase  extraction 
(SPE)  (P). 

The  use  of  biosensors  in  environmental  pollution  monitoring  has  become  a  growing  interest,  as 
these  devices  provide  rapid,  simple  and  reliable  determination  of  pollutants  at  a  trace  levels. 
Novel  lead  specific  biosensors  have  been  developed  and  significant  progress  has  been  made  (10- 
14).  Lu  et  al.  (13-15)  developed  a  new  biosensor  for  lead  by  combining  the  high  selectivity  of 
catalytic  DNA  with  the  sensitivity  of  fluorescent  detection,  and  it  can  be  applied  to  the 
quantitative  detection  of  Pb“  over  a  wide  concentration  range  from  0. 1  to  10  pM. 

This  paper  presents  the  potential  of  combining  Pb“  specific  catalytic  DNA  enzymes  with 
microfluidic  devices.  We  incorporate  the  catalytic  DNAzyme  into  a  detection  channel  on  the 
microfluidic  device.  Lead  containing  solution  is  placed  in  a  source  channel.  By  appropriate 
application  of  voltages  across  channels,  the  lead  solution  can  be  injected  through  nanocapillary 
array  interconnects  (NAI)  that  separate  the  channels.  These  gatable  micro  fluidic  devices  build 
upon  research  developed  by  Bohn  and  Sweedler  et  al.  (16-18).  Methods  for  adapting  lead 
specific  biosensors  to  the  NAI  microfluidic  device  are  presented.  Perfonnances  of  the 
developed  method  were  evaluated  by  studying  quantifiable  concentration  range,  method 
accuracy  and  precision.  Successful  application  to  real  sample  analysis  using  an  electroplating 
sludge  certified  reference  material  is  also  presented. 

It  is  important  to  note  that  the  sensor  architecture  developed  here  is  not  analyte  dependent.  We 
can  incorporate  other  molecular  beacons  on  this  microfluidic  device.  Because  identifying  the 
Pb2+-selective  catalytic  DNA  sequence  was  accomplished  via  a  novel  combinatorial  search, 
success  in  the  development  of  this  prototype  lead  sensor  lends  itself  to  rapid  development  of 
other  targeted  chemical  sensors  based  on  catalytic  DNA  that  are  uniquely  reactive  to  any  other 
metal  or  organic  compound.  Thus,  relevance  of  this  research  is  magnified  beyond  Pb2  h  to 
include  field  sensors  for  other  chemicals  of  interest  such  as  PCBs,  PAHs,  and  other  metals  (e.g. 
Al,  Hg,  Cd,  and  depleted  uranium). 


Objective 

This  work  addressed  the  initial  statement  of  need  to  develop  a  miniature  sensor  for  monitoring 

2_|_ 

the  waterborne  heavy  metal  pollutant  lead  (Pb“  ).  We  created  a  highly  selective  and  sensitive 
miniature  sensor  for  Pb2+  by  combining  two  recent  advances:  (a)  catalytic  DNA  that  is  reactive 
only  to  Pb  and  which  can  be  tagged  to  produce  fluorescence  only  in  the  presence  of  the  metal, 
and  (b)  nanoscale  fluidic  molecular  gates  that  can  manipulate  fluid  flows  and  perform  molecular 
separations  on  tiny  volumes  of  material.  This  work  develops  the  chemistry  needed  to  combine 
Pb-specific  catalytic  DNA  with  the  molecular  gates  and  the  protocol  for  separating,  sensing,  and 


3 


•  9+  •  • 

quantifying  Ptr  in  a  complex  matrix. 

The  biosensor  is  a  multi-level  nanofluidic-microfluidic  hybrid  device,  in  which  a  nanocapillary 
array  membrane  is  used  to  control  motion  of  picoliter-volume  fluid  voxels  from  the  analyte- 
containing  sample  stream  to  the  biosensor  compartment.  These  devices  employ  a  membrane 
containing  an  array  of  nanocapillaries  located  between  multilayered  microfluidic  channels, 
allowing  for  the  convenient  and  efficient  control  of  fluids  in  the  device  (16-18).  In  this  paper, 
methods  for  adapting  this  lead-selective  DNAzyme  to  the  nanofluidic  device  are  explored  and 
the  analytical  figures  of  merit  including  dynamic  range,  limit  of  detection,  accuracy,  and 
precision  are  determined.  Finally,  the  micro  fluidic  /  DNAzyme  molecular  beacon  is 
successfully  applied  to  analysis  of  Pb"  in  an  electroplating  sludge  certified  reference  material. 

Background 

There  are  a  number  of  different  methods  currently  used  for  the  determination  of  lead.  Among 
the  various  methods,  atomic  absorption  spectrometry  (AAS)  (19-21)  and  inductively  coupled 
plasma  mass  spectroscopy  (ICP-MS)  (22-24)  are  most  widely  used  for  the  determination  of 
metal  ions  with  high  efficiency,  selectivity  and  sensitivity,  and  are  thus  suitable  for  the 
determination  of  metal  ions  in  environmental  samples.  Unfortunately,  these  techniques  require 
expensive  instrumentation  and  sophisticated  sample  pre-treatment  procedures.  Recently,  the 
combination  of  flow  injection  (FI)  on-line  separation  and  preconcentration  methods  provide 
significant  advantages  when  coupled  to  conventional  spectroscopy  methods,  e.g.  less  risk  of 
contamination,  high  enrichment  efficiencies,  reproducibility,  method  precision,  and  simple 
automated  operation.  FI-AAS  (25,26),  FI-ICP-MS  (27,28),  and  Fl-spectrophotometry-based 
methods  (29,30)  have  been  reported  for  the  determination  of  lead  in  biological  and 
environmental  samples.  On  the  other  hand,  potentiometry  (i.e.  ion-selective  electrodes  (ISEs)) 
has  become  a  routine  analytical  method  for  rapid  determination  of  numerous  analytes  include 
trace  metal  ions  in  a  cost  effective  manner  in  the  field  of  clinical  diagnostics  and  environmental 
monitoring  (31,32).  Stripping  voltametry  using  chemically  modified  electrodes  has  also  been 
considered  as  a  prospective  technique  with  low  detection  limit,  selectivity,  and  the  possibility  of 
multielement  detection  (33,34).  However,  current  approaches  require  that  numerous  samples  be 
collected  and  sent  to  an  analytical  laboratory  for  the  pretreatment  and  assessment  as  to  the  extent 
and  type  of  heavy  metal  present.  For  the  simultaneous  detennination  of  trace  metals  at  pg/L 
levels  in  complex  matrices,  ion  chromatography  (35,36)  and  capillary  zone  electrophoresis 
(CZE)  (37)  have  been  applied.  The  common  disadvantages  to  these  techniques  is  the  cost  of 
the  equipment  and  the  required  operator  skill  and  attendance  that  tether  these  to  the  laboratory 
bench. 

As  mentioned  above,  miniaturized  systems  have  attracted  interest  and  must  compete  with  the 
laboratory  techniques.  Recently,  miniaturized  high-performance  analytical  systems,  capillary 
electrophoresis  microchip  systems,  are  finding  applications  in  environmental  sensing  include 
metals  (6,9).  These  miniaturized  devices  provide  the  potential  for  enhancing  the  speed  of  an 
analytical  separation,  while  reducing  the  system  size  and  weight,  and  the  consumption  of 
samples  and  reagents.  Through  this  research  project,  we  propose  here  a  new  methodology  for 
the  miniaturized  lead  sensor  by  combining  a  biosensor  (catalytic  DNA)  with  a  microfluidic  chip. 
This  research  demonstrates  the  ability  of  the  lead-specific  biosensor  to  determine  lead  in 
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complex  matrices.  All  these  features  are  highly  desirable  for  the  development  of  truly  portable 
devices  capable  of  sensitively  and  rapidly  monitoring  hazardous  metal  cations  in  the  field. 

Catalytic  DNA.  In  1994,  DNA  was  shown  through  a  technique  called  in  vitro  selection  (vide 
infra )  to  carry  out  catalytic  functions  when  single  stranded  (38).  The  DNAs  (called  catalytic 
DNA  or  DNA  enzymes  or  deoxyribozymes)  have  proven  capable  of  catalyzing  many  reactions 
including  RNA/DNA-cleavage,  ligation,  phosphorylation,  cleavage  of  phosphoramidate  bonds, 
and  porphyrin  metallation  (39).  Catalytic  DNAs  have  shown  great  promise  as  anti-viral 
pharmaceutical  agents  against  diseases  such  as  AIDS  and  leukemia.  Recently  Lu  and 
coworkers  at  Illinois  demonstrated  that  catalytic  DNAs  can  expand  out  of  the  realm  of  biological 
chemistry  and  into  environmental  monitoring  by  selectively  reacting  with  Ptr  in  the  presence  of 
interfering  cations  (15). 

Metal  ion  sensors.  Metal  ions  play  important  roles  in  biological  systems.  Beneficial  metal 
ions  such  as  Ca2+,  Fe3+  and  Mg2+  are  minerals  required  to  maintain  normal  functions,  while  toxic 
metal  ions  such  as  Pb2  ,  Hg2+  and  Cr6+  can  have  a  number  of  adverse  health  effects.  Current 
methods  for  metal  ion  detenninations,  such  as  atomic  absorption  spectrometry  (40),  inductively 
coupled  plasma  mass  spectrometry  (22),  and  anodic  stripping  voltammetry  (41),  often  require 
sophisticated  equipment  or  sample  treatment  and  are  unsuitable  for  field  monitoring  due  to  size, 
power  requirements,  and  fragility.  Simple  and  inexpensive  methods  that  permit  real-time,  on¬ 
site  sampling  of  metal  ions  would  constitute  a  critical  enabling  advance  in  the  field. 

Fluorosensors  based  on  fluorescently-labeled  organic  chelators,  proteins  or  peptides  have 
emerged  as  powerful  tools  toward  achieving  the  above  goals  (42-44).  While  remarkable 
progress  has  been  made  in  developing  fluorosensors  for  metal  ions  such  as  Ca“  and  Zn“  , 
designing  and  synthesizing  sensitive  and  selective  metal  ion  fluorosensors  remains  a  significant 
challenge.  Perhaps  the  biggest  challenge  in  fluorosensor  research  is  the  design  and  synthesis  of 
a  sensor  capable  of  specific  and  strong  metal-binding.  Since  our  knowledge  about  the 
construction  of  metal-binding  sites  is  limited,  searching  for  sensors  in  a  combinatorial  way  can 
drastically  reduce  the  research  effort  required  to  identify  effective  fluorescently-active  chelating 
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agents.  In  this  regard,  in  vitro  selection  of  DNA/RNA  from  a  library  of  10  -10  random 
DNA/RNA  sequences  offers  considerable  opportunity  (38,39).  Compared  with  combinatorial 
searches  of  chemo-  and  peptidyl-sensors,  in  vitro  selection  of  DNA/RNA  is  capable  of  sampling 
a  larger  pool  of  sequences,  amplifying  the  desired  sequences  by  the  polymerase  chain  reaction 
(PCR),  and  introducing  mutations  to  improve  performance  by  mutagenic  PCR.  For  example, 
the  in  vitro  selection  method  has  been  used  to  obtain  DNA/RNA  aptamers  (45,46)  and  aptazymes 
(47,48)  that  are  responsive  to  small  organic  molecules.  Similarly,  catalytic  DNA/RNAs  that  are 
highly  specific  for  Pb2+  (38,49),  Ca2+  (50,51)  and  Zn2+  (52,53)  have  been  obtained.  These 
results  set  the  stage  for  the  utilization  of  catalytic  DNAs  with  hydrolytic  cleavage  activity  for 
detection  of  metal  ions. 

Microfabricated  analysis  systems.  A  trend  throughout  the  last  two  decades  has  been  towards 
miniaturized  analytical  methods  to  achieve  unique  capabilities  as  well  as  better  performance 
specifications.  The  development  of  microelectro-mechanical  systems  (MEMS)  and  the  related 
concept  of  miniaturizing  a  total  analytical  system,  p-TAS,  started  with  the  work  of  Terry  et  al. 
(54)  in  1979,  who  fabricated  a  complete  gas  chromatography  system  on  a  silicon  wafer.  Manz 
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and  coworkers  reached  another  milestone  with  liquid  phase  separations  (55),  followed  rapidly  by 
pioneering  work  by  Harrison  and  Manz  (56),  Ramsay  (57),  and  Mathies  (55).  Since  then,  there 
has  been  an  exponential  growth  in  this  field,  including  advances  in  fabrication  methods  from 
silicon  (55),  optically  transparent  materials  (59,60),  and  exciting  advances  in  polymer  substrates 
(61,62).  Besides  analytical  microfluidics,  a  tremendous  effort  has  gone  into  the  development  of 
mixers,  valves,  interconnects,  filters  and  other  elements  required  for  a  complete  microfluidics 
system  (63).  Recent  reviews  describe  the  important  milestones  in  this  research  area  (64). 


Summary  of  Pis'  previous  work. 


3  cleavage  site  substrate  strand  17DS 

I  / 

3'-GTAGAGAAGGrAT  AT  CAC  TC  A-5' 

iliGTckci-s' 

C  Cv  **  \ 

A  G  G  T  C  G  catalytic  DNA  strand  17E 
G  C 


Recently,  Li  and  Lu  reported  a  new  application  for  catalytic 
DNAs  as  biosensors  for  metal  ions,  specifically 
Pb“  .(15).  This  application  is  based  on  the 
observation  that  catalytic  DNA,  obtained  through 
in  vitro  selection,  can  be  used  to  bind  metal  ions 
with  high  affinity  and  specificity  (38,52,53). 
Therefore,  the  activity  of  a  selected  catalytic  DNA 
can  be  used  to  measure  the  identity  and  quantity  of 
the  specific  metal  ion.  The  biosensor  consists  of 
a  catalytic  DNA  capable  of  base-pairing  to  a  DNA 
substrate  containing  a  single  ribonucleotide 
residue  (labeled  rA  in  Fig.  la).  When  a 
fluorophore,  e.g.  carboxytetramethylrhodamine 
(TAMRA),  is  attached  to  the  5’-end  of  the  DNA 
substrate,  the  fluorescence  signal  at  580  mn  is 
quenched  by  its  proximity  to  a  fluorescence 
quencher,  e.g.  4-(((4-dimethylamino)- 
phenyl)azo)benzoic  acid  (Dabcyl),  at  the  nearby 
3'-end  of  the  catalytic  DNA.  In  the  presence  of 
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(a)  Structure  of 
catalytic  DNA. 
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Fluorosensing  mechanism  and  results. 


2+ 

Pb“  ,  the  fluorescence  emission  of  TAMRA 
increases  dramatically  (~  400%),  due  to  the 
cleavage  of  the  substrate  DNA  and  subsequent 
separation  of  the  fluorophore  from  the  quencher 
(Fig.  lb  inset).  This  is  followed  by  the  release  of 
substrate  DNA  fragments  and  Pb2+.  This  system 
represents  a  new  class  of  metal  ion  sensors  and  is 
the  first  example  of  using  the  powerful  tools  of 
combinatorial  molecular  biology  to  identify  a 
cation-specific  catalytic  DNA  for  sensing  of  metal 
ions.  It  combines  the  high  selectivity  of  catalytic 
DNA  (>  80  fold  for  Pb2  f  over  other  divalent  metal 
ions,  see  Fig.  2)  with  the  ultralow  background  and 
resulting  high  sensitivity  of  fluorescence  detection, 
and  it  can  be  applied  to  quantitative  detection  of 
Pb2+  over  a  concentration  range  of  three  orders  of 
magnitude.  The  sensitivity  and  selectivity  of  the 
system  can  be  altered  by  using  different  fluorescence/quencher  pairs  for  different  sensors.  The 
system  is  easily  regenerated  by  washing  away  the  cleaved  products  and  adding  new  substrate 


Figure  2.  Sensor  selectivity. 
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DNA  to  the  catalytic  DNA  strand  —  a  fact  that  will  be  exploited  to  regenerate  active  material  in 
the  proposed  sensor.  Finally,  catalytic  DNA  specific  for  other  metal  ions  and  with  various 
detection  ranges  can  be  isolated  by  varying  the  catalytic  DNA  selection  conditions  in  the 
combinatorial  search,  making  this  approach  extensible  to  other  metal  ions  and  small  organic 
molecules.  Thus,  the  approach  outlined  here  is  targeted  not  only  at  the  development  of  a 
specific  sensor  for  Pb2  but  also  toward  rapid  development  of  a  whole  class  of  highly  specific 

sensors. 

Bohn  et  al.  have  developed  a  new  approach  to  fluidic  control, 
in  which  a  ‘molecular  gate’  is  constructed  from  a  thin 
(typically  5  pm)  polymeric  membrane  perforated  with  a 
number  (~  1 0s  cm"2)  of  long  narrow  (typical  aspect  ratios  of 
25-250)  channels,  viz.  Figure  3.  These  structures  exhibit 
unique  and  tunable  electrokinetic  flow  properties,  because 
the  product  of  the  channel  diameter,  a,  and  the  inverse 
Debye  length,  k,  is  ~1.  When  xa  <  1  the  electric  double 
layer  extends  throughout  the  pore  (65-67)  and  the  mobile 
counterions  filling  the  channel  determine  transport.  At  the 
other  limit,  xa  >  1,  the  electrical  double  layer  is  mostly 
collapsed,  and  nonnal  ion  migration  effects  dominate. 
Thus,  flow  can  be  controlled  by  (a)  direction  of  the  applied 
bias,  ( b )  sign  and  surface  density  of  the  immobile  charge  on 
the  wall,  i.e.,  pH  and  chemical  derivatization,  and  (c)  the 
magnitude  of  tea.  Because  k  is  controlled  by  solution  ionic 
strength,  control  of  flow  in  these  nanometer  channels  is 
exceptionally  versatile  (68,69).  These  nanoscale  porous  materials  with  well-defined  cross- 
sectional  geometry  are  an  excellent  choice  for  fluidic  handling  at  low  levels  due  to  several 
related  factors,  (a)  The  separations  capacity  factor,  k',  which  scales  like  the  surface-to-volume 
ratio,  is  huge.  Comparing  a  20  pm  i.d.  wall-coated  open  tubular  column  with  a  10  nm  thick 
coating  to  a  200  nm  i.d.  nanopore  with  the  same  coating,  the  increase  in  capacity  factor  is  a 
factor  >  10'.  (b)  Nanopores  have  fundamentally  different  properties  than  their  larger  pm-scale 

analogs,  because  characteristic  length  scales  that  describe  important  physico-chemical 
phenomena  are  approximately  equal  to  the  dimensions  of  the  nanochannels,  (c)  Nanopores  are 
ideally  suited  to  making  intelligent  interconnects  between  microfluidic  elements,  because  the 
interconnect  itself  can  be  made  to  be  integral  to  the  intelligent  movement  of  biomolecules,  and  it 
is  simple  to  integrate  and  to  interface  with  existing  microfluidic  technologies.  Combining 
catalytic  DNA  with  molecular  gates  to  achieve  a  Nanofluidic  Intelligent  Processor  (NIP)  will 
exploit  all  three  of  these  important  characteristics. 

This  work  will  produce  a  prototype  sensor  having  all  desired  characteristics  of  a  remote  field 
sensor.  Several  key  operating  characteristics  make  this  sensor  modality  stand  apart. 
Repetitive  analyte  delivery  cycles  can  be  realized,  meaning  that  the  catalytic  DNA  can  react  with 
analyte  for  as  long  as  is  needed  to  generate  a  usable  signal,  increasing  sensitivity.  Second,  the 
substrate  DNA  can  be  released  and  regenerated,  allowing  repeated  unattended  use  in  the  field. 
Third,  unlike  other  chemically  based  sensors,  the  waste  stream  produced  from  operation  of  this 
device  is  exceedingly  small,  (mL/year)  and  only  non-toxic  DNA  fragments  are  added.  Finally, 


X 


— r" — 100  nm,  typ. 

/Y\ 


5  pm 


Figure  3.  Schematic  diagram  of 
the  molecular  gate  used  as  an 
intelligent  nanofluidic  processor. 
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the  sensor  can  be  extremely  rugged  —  in  particular  it  is  insensitive  to  episodic  loss  of  liquid 
analyte  stream,  so  it  can  survive  periods  without  liquid  input,  such  as  might  be  encountered  with 
groundwater  sources  that  periodically  dry  up.  Finally,  the  strategy  outlined  here  is  completely 
general  and  a  sensor  can  be  constructed  for  any  analyte  for  which  a  combinatorial  binding 
sequence  can  be  identified. 

Successful  sensor  design  includes  the  use  of  the  electrophoresis  to  introduce  the  lead  containing 
solution  to  the  catalytic  DNA  within  a  microfluidic  channel.  Our  desire  is  a  prototype  device 
that  demonstrates  the  ability  to  quantitate  lead  within  a  clean  sample  and  within  a  complex 
sample  with  detection  limits  near  EPA  drinking  water  action  limits  of  15  ppb.  With  this  limit  of 
detection,  the  device  would  clearly  be  usable  for  determining  hazardous  waste  according  to  the 
EPA  Toxicity  Characteristic  Leaching  Procedure  with  a  lead  limit  of  5  ppm.  It  can  also  be 
field-portable  to  become  the  analytical  device  for  detennination  of  action  limits  of  lead  in  paint 
(5000  ppm)  or  lead  in  soil  (400  ppm  on  a  playground)  when  accompanied  by  an  extraction 
technique. 


Materials  and  Methods 

Over  the  course  of  this  project,  the  numerous  tasks  required  copious  supplies,  however,  the 
critical  items  for  this  work  are  the  DNA  sequences,  the  molecular  gate  membranes,  and  the 
electroplating  sludge.  All  DNA  is  purchased  from  Integrated  DNA  Technologies  (IDT) 
(Coralville,  IA)  or  from  Trilink  BioTechnologies,  Inc.  (San  Diego,  CA).  Prepolymer  and  curing 
agent  (Sylgard  184,  Dow  Coming  Corp.  Midland,  MI)  and  polycarbonate  nuclear  track-etched 
(PCTE)  membranes  with  a  hydrophilic  wetting  layer  of  poly(vinylpyrrolidine)  (Osmonics, 
Minnetonka,  MN)  were  used  in  the  PDMS  (poly(dimethylsiloxane))  chip.  These  PCTE 
membranes  are  10  microns  thick  with  200  nm  diameter  pores  at  a  pore  density  of  3  x  10  pores  / 
cm2  and  are  used  as  the  molecular  gate  membranes.  The  electroplating  sludge  sample  was 
purchased  from  Resource  Technology  Corporation  (Laramie,  WY).  The  methods  for  each  part 
of  the  project  will  be  described  as  the  results  are  discussed. 

Results  and  Discussion 

The  accomplishments  of  this  work  divided  into  two  areas:  1)  Manipulation  of  the  lead  sensitive 
catalytic  DNA  and  2)  Creation  and  characterization  of  the  microfluidic  device  that  brings 
together  the  lead  with  the  catalytic  DNA  sensing  molecules.  These  accomplishments  are 
described  in  large  part  in  our  publications  that  are  provided  in  the  Appendix. 

Catalytic  DNA  -  Thiolation,  Immobilization,  and  Regeneration.  The  behavior  of  the  Pb2  - 

specific  DNAzyme  has  been  illustrated  in  Figure  lb  above.  The  hybridized  substrate  /  enzyme 
construct  is  free  in  solution,  permitting  uninhibited  confonnation  for  reactions  with  lead  cations. 
The  Pb2+-specific  DNAzyme  sensor  has  been  limited  to  bulk  solution  reactions.  There  are  two 
inherent  advantages  associated  with  moving  to  a  surface-immobilized  sensor.  First,  since 
hybridization  of  enzyme  and  substrate  strands  is  never  complete,  background  fluorescence  is 
observed,  even  in  the  absence  of  a  specific  cleavage  reaction  due  to  free  substrate  in  the  solution. 
Because  noise  in  the  background  fluorescence  is  a  fundamental  limitation  when  working  at  low 
analyte  concentrations,  efforts  to  reduce  the  background  can  produce  lower  limits  of  detection. 
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To  this  end,  reducing  background  levels  due  to  higher  hybridization  efficiency  and  elimination  of 
free  substrate  can  be  accomplished  with  immobilization.  Second,  the  surface-immobilized 
DNAzyme  may  be  regenerated  and  used  multiple  times,  a  possibility  that  is  not  straightforward 
in  solution-based  sensors.  Hybridization  of  surface-bound  DNA  has  been  shown  to  be 
reversible,  suggesting  the  possibility  of  reusing  the  surface  for  successive  measurements  (70). 
For  example,  Ramachandran  et  al.  produced  a  surface-immobilized  DNAzyme  that  exhibited 
75  %  of  the  original  activity  after  one  regeneration  (71). 

Though  many  strategies  for  immobilization  exist,  exploiting  Au-thiol  chemisorption  is  the  most 
attractive  due  to  ease  of  preparation  and  broad  applicability.  Organothiols  readily  self-assemble 
on  Au  surfaces,  fonning  densely  packed  monolayers  (SAMs)  with  the  distal  end  of  the  thiol 
solution-accessible  (72-74).  DNA  can  be  tethered  to  Au  in  a  straightforward  manner  by 
thiolating  one  end  of  the  DNA  (75-79).  However,  DNA  does  not  typically  form  densely  packed 
monolayers,  the  detailed  packing  structure  of  DNA  SAMs  depending  on  several  factors, 
including,  importantly,  oligonucleotide  length.  Due  to  the  propensity  of  Lewis  bases,  especially 
nitrogen-based  moieties,  to  chemisorb  to  Au,  bases  along  the  DNA  backbone  also  interact  with 
the  surface  (80).  Tarlov  and  coworkers  have  developed  a  unique  method  to  combat  multivalent 
adsorption  of  thiolated  DNA  by  mixing  monolayers  of  DNA  with  mercaptohexanol  (MCH) 
(70,80,81).  In  this  process,  the  DNA-modificd  substrate  is  soaked  in  MCH  after  formation  of 
the  DNA  SAM,  effectively  displacing  N-Au  bonds,  leaving  DNA  bound  only  at  the  S  headgroup. 
In  addition,  this  increases  the  average  distance  between  adjacent  DNA  molecules,  producing  an 
environment  more  conducive  to  physical  access  of  complementary  strands  for  hybridization. 
Mixed  monolayers  have  also  been  shown  to  be  stable  through  sensor  regeneration,  with  no  loss 
of  specificity  (81). 

Planar  Au  surfaces  were  produced  by  vapor  deposition  onto  glass  microscope  slides.  Assembly 
of  thiolated-DNA  on  Au  and  hybridization  of  complementary  DNA  followed  previously  reported 
methods  (70,81,82).  The  DNA  sequences  used  are  shown  in  Table  1 . 


Table  1 .  DNA  labels  and  sequences. 


17E 

5'-CATCTCTTCTCCGAGCCGGTCGAAATAGTGAGT-3' 

17DS 

5'-ACTCACTATrAGGAAGAGATG-3' 

HS-17E-F1 

5'-(C6Thiol)-TTTTTAAAGAGACATCTCTTCTCCGAGCCGGTCGAAATAGTGAGT- 

Fluorescein-3' 

HS-17E-Dy 

5'-  (CgThiol)-  TTTTTAAAGAGACATCTCTTCTCCGAGCCGGTCGAAATAGTGAGT- 
Dabcyl-3' 

17DS-F1 

5'-Fluorescein-ACTCACTATrAGGAAGAGATGTCTCTTT-3' 

Immobilization  of  HS-17E-Dy  (or  HS-17E-F1)  on  Au  was  achieved  by  soaking  piranha-cleaned 
Au  surfaces  (ca.  0.5  x  0.5  cm")  in  1  M  potassium  phosphate  buffer  for  90  min.  Hybridization 
was  accomplished  by  soaking  in  1  pM  17DS-F1  in  50  mM  tris  acetate  buffer  (pH=7.2)  and  1  M 
NaCl  in  a  70  C  water  bath  for  60  min.  The  bath  was  then  allowed  to  cool  to  room  temperature 
over  60  min,  cooled  to  4  C  for  30  min,  and  again  allowed  to  come  to  room  temperature. 

Solution  assays  of  DNAzyme  were  perfonned  with  10  nM  HS-17E-Dy  and  10  nM  17DS-F1  in  50 
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mM  tris  acetate  buffer  (pH=7.2)  and  50  mM  NaCl.  Hybridization  was  accomplished  by  heating 
in  a  70  C  water  bath  for  60  min  and  cooling  to  room  temperature  over  60  minutes.  The  solution 
was  then  cooled  to  4  C  for  30  min,  and  again  allowed  to  come  to  room  temperature. 
Fluorescence  spectra  was  recorded  using  a  0.5  by  0.5  cm2  quartz  cell  in  a  Jobin  Yvon  Fluoromax- 
P  fluorimeter  (Tex  =  49 1  mn  and  Aem  =  500-575  nm).  10  uM  Pb"  was  then  added,  and  after  five 
minutes  of  reaction  time,  fluorescence  spectra  again  documented. 

Prior  to  using  the  substrate-immobilized  DNAzyme  for  Pb"  sensing,  it  was  soaked  in  50  mM  tris 
acetate  buffer  (pH=7.2)  and  50  mM  NaCl  solution  for  5  min  in  an  effort  to  remove  any 
remaining  physisorbed  substrate  strand  and  to  rinse  away  any  dissociated  substrate  strand  at  the 
lower  NaCl  concentration.  Measurements  were  made  by  placing  the  assembled  DNAzyme  - 
MCH  SAM  in  a  Pb2+-containing  solution  in  50  mM  tris  acetate  buffer  (pH=7.2)  and  50  mM 
NaCl.  The  DNAzyme  surface  was  allowed  to  react  with  the  Pb  solution  for  60  min,  after  which 
it  was  removed  and  then  rinsed  with  the  reaction  solution.  Fluorescence  intensity  of  the  cleaved 
DNA  portion  in  the  solution  was  detennined  with  Aex  =  491  nm  and  Aem  =  518  nm. 

For  detennination  of  regeneration,  the  surface-immobilized  DNAzyme  was  first  prepared  as 
described  above.  After  an  initial  reaction  of  the  sensor  with  Pb"  ,  the  activity  was  detennined 
by  fluorescence  measurements.  The  reacted  sensors  were  subsequently  soaked,  individually,  in 
Millipore  water  for  18  hours  in  closed  sample  vials.  The  samples  were  then  rinsed  with 
Millipore  water  for  5  minutes.  Hybridization  of  17DS-F1  was  repeated  by  soaking  the  reacted 
sensors  in  50  mM  tris  acetate  buffer  at  pH=7.2  and  1  M  NaCl  with  1  pM  17DS-F1  with  the  same 
heating  and  cooling  described  above.  Non-regenerated  control  samples  were  soaked  in 
identical  buffer  solutions  and  heating  conditions,  without  17DS-F1.  The  controls  and 
regenerated  substrates  were  reacted  with  10  pM  Pb21  in  50  mM  tris  acetate  buffer  (pH=7.2)  and 
50  mM  NaCl  for  60  minutes.  The  reaction  solution  was  rinsed  over  the  surface  of  the  sensor 
and  fluorescence  intensity  detennined. 

Since  the  DNAzyme  used  is  slightly  modified  from  that  used  in  previous  publications  (13,15),  i.e. 
with  addition  of  a  thiol  group  and  linker  T’s,  the  DNAzyme  activity  in  solution  was  first  assessed. 
As  seen  in  Figure  4,  when  17DS-F1  is  hybridized  with  HS-17E-Dy  in  solution,  fluorescence 

intensity  is  relatively  low.  After  addition 
of  10  pM  Pb  ,  fluorescence  intensity 
increases  by  269%  after  only  5  minutes  of 
reaction  time,  indicating  that  the  thiolated- 
DNAzyme  behaves  similarly  to  previously 
reported  Pb2+-specific  DNAzymes  (13,15). 
Specifically,  the  addition  of  a  sulfhydryl 
headgroup  and  polyT  linker  has  no  adverse 
effect  on  Pb-induced  cleavage  and 
generation  of  luminescence. 


Figure  4:  Fluorescence  spectra  for  (a)  background  and  (b)  solution  after 
addition  of  lead. 
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Au 


Figure  5  illustrates  the  basic  immobilization  and  reaction  protocol  used  throughout  this  work. 

Thiolated-enzyme  strand  is  immobilized 
on  Au  via  thiol  chemisorption;  the 
surface  is  back-filled  with  MCH;  and 
substrate  strand  is  hybridized  onto 
enzyme  strand  to  prepare  the  DNAzyme 
surface  for  Pb2+  detection.  Upon 
reaction  with  Pb2+,  the  fluorophore- 
containing  portion  is  released  into 
solution  where  it  can  subsequently  be 
detected.  The  goal  of  this  work  is  to 
establish  the  activity  and  figures  of  merit 
for  the  fluorigenic  Pb  -DNAzyme 
reaction,  when  the  DNAzyme  is  initially 
immobilized  on  a  planar  Au  substrate. 

Figure  5:  Immobilization  and  lead  reaction  schematic. 
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Figure  6:  Fluorescence  intensities  produced  from  reactions  of 
immobilized  DNA  on  Au  surfaces. 


Control  experiments  were  carried  out  that 
proved  that  the  DNAzyme  is  actually 
immobilized,  rather  than  simply  physisorbed 
on  the  Au  surface.  These  data  demonstrate 
two  points:  1)  thiolated  enzyme  strands  are 
not  released  to  a  significant  extent  after 
chemisorption  to  Au,  and  2)  any  non¬ 
specific  adsorption  of  substrate  strands  on 
the  Au  surface  containing  MCH  is  minor. 
Figure  6  shows  the  fluorescence  intensities 
from  reactions  of  lead  solution  with  different 
surfaces.  The  first  three  bars  show  the 
fluorescence  from  gold  surfaces  with  no 
DNA  present,  with  only  the  enzyme  strand 
present,  and  with  only  the  substrate  strand 


present.  All  show  equivalent 
background  fluorescence.  The  final 
bar  shows  the  fluorescence  resulting 
from  the  reaction  of  lead  solution  with 
the  enzyme  /  substrate  construct.  The 
relatively  high  fluorescence  intensity 
(457,184  ±  27,390)  for  the  DNAzyme 
positive  control  compared  to  the 
negative  controls  indicates  that  the 
sensor  is  responding  to  Pb2+  as 
anticipated.  In  fact,  the  increase  for 
the  DNAzyme  is  >  700%  upon 
addition  of  10  li  M  Pb2  h,  indicating  that 
Pb2+  specifically  cleaves  the 
hybridized  substrate  DNA,  just  as  it 


Figure  7:  Calibration  curve  for  immobilized  DNAzyme  on  Au  surfaces  for 
fluorescence  versus  lead  solution  concentration. 
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does  in  solution. 


A  critical  figure-of-merit  for  molecular  recognition  chemistry  to  be  exploited  in  a  functional 
sensor  is  its  ability  to  determine  the  analyte  of  interest  in  a  useful  concentration  range.  A 

calibration  curve  for  Pb“  activity  on  the  DNAzyme  immobilized  sensor  is  shown  in  Figure  7. 

2+ 

A  linear  response  can  be  achieved  over  a  wide  range,  10  jaM  >  [Pb-T]  >  1  nM,  though  this 
linearity  deviates  at  higher  Pb2h  concentrations.  The  error  associated  with  these  measurements, 
as  characterized  by  the  ±a  error  bars  on  the  points  in  Fig.  7,  is  due  partially  to  variations  in  the 
physical  dimensions  of  Au  substrates  that  are  linked  directly  to  uncertainties  in  surface  coverage. 
A  major  advantage  of  utilizing  a  surface-immobilized  DNAzyme  for  analyte  recognition  is  the 
ability  to  regenerate  the  surface,  so  that  the  DNAzyme  can  be  reused.  To  test  the  possibility  of 
regenerating  previously  cleaved  DNAzyme  molecules,  an  experiment  was  performed  in  which 
DNAzyme  was  initially  reacted  with  Pb2+.  Following  the  Pb2+  recognition  reaction  the  surface 
was  soaked  in  deionized  H2O  for  18  h  to  remove  the  substrate  strands  (both  cleaved  and 
uncleaved).  The  remaining  immobilized  enzyme  strands  were  then  rehybridized  with  17DS-F1, 

and  the  DNAzyme  surface  was  again 
reacted  with  10  pM  Pb2  .  The 
regenerated  DNAzyme  surface  elicited  a 
fluorescence  intensity  81%  of  the 
original  upon  exposure  to  Pb2+,  viz. 
Figure  8.  In  contrast,  exposure  of  non¬ 
regenerated  DNAzyme  to  Pb2+  produced 
fluorescence  only  6%  of  the  intensity 
produced  by  the  original  reaction,  a 
value  comparable  to  that  produced  by 
the  negative  controls,  cf  Fig.  6. 


Membrane  gold  plating  and  subsequent  reactions.  We  have  demonstrated  that  DNAzymes 
retain  their  activity  after  immobilization  onto  gold  surfaces.  This  indicates  that  incorporation  of 
gold  surfaces  within  sensor  designs  provides  an  avenue  to  bind  the  thiolated  DNAzyme  in  the 
path  of  lead  containing  solution.  Furthermore,  the  enzyme  surface  can  be  regenerated  with 
substrate  DNA  after  a  reaction  to  prepare  the  sensor  for  subsequent  analyses.  We  examined  the 
ability  to  use  the  molecular  gate  membrane  pores  as  the  sensing  surface. 
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Figure  8:  Fluorescence  intensities  from  reactions  with  lead  solutions  with 
immobilized  DNAzymes,  non-regenerated  surfaces,  and  regenerated  surfaces. 
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Figure  9:  Transmission  electron  micrograph  of  the  molecular  gate  membrane  after  electroless 
deposition  of  gold. 


Figure  9  shows  the  micrographs  for  the  molecular  gate  membrane  with  pore  interiors  coated  with 
gold  by  an  electroless  deposition  process.  The  dark  interior  surfaces  are  the  gold  layers  within 
the  pores.  These  pores  can  be  used  as  reaction  surfaces  for  lead  detection  as  the  thiolated 
DNAzyme  will  react  and  bind  at  this  point. 


Soaking  these  membranes  in  a  solution  of  DNAzyme  followed  by  the  substrate  DNA  created 
active  molecular  beacons  within  the  pores.  Figure  10  shows  the  fluorescence  intensities  for  a 
reaction  of  lead  solution  with  either  a  DNAzyme  on  a  planar  gold  coated  glass  surface  or  in  the 
membrane  pores.  We  have  shown  the  pores  (~250nm  after  electroless  deposition  of  Au)  are 
accessible  to  the  40-mer  DNAzyme  chain  (~1 2nm)  which  is  determined  by  comparing  the 
overall  fluorescence  intensity  of  assembled  membranes  versus  planar  gold  surfaces  after 
complete  reaction  with  Pb  .  The  membrane  creates  a  fluorescence  intensity  9.2  ±3.1  times 
higher  than  that  of  planar  gold  (Figure  10)  despite  the  fact  that  we  used  identical  geometric  sizes 
for  glass  and  membrane.  Two  variables  can  contribute  to  this  increased  intensity.  The  first, 
surface  roughness,  can  constitute  up  to  a  two-fold  increase  while  the  second,  pore  accessibility, 
makes  up  the  remainder  of  the  coverage. 


The  validity  of  the  Au-coated  membranes  as  usable  sensor  surfaces  has  been  accomplished  and 
to  some  extent,  optimized.  The  current  range  of  detection  shown  possible  has  an  upper  limit  of 
10  pM  Pb2+,  where  fluorescence  of  4.85  ±  1.15  times  control  signal  was  detected  (Figure  11). 
This  upper  limit  is  not  due  to  the  DNAzyme  sensitivity,  but  is  currently  due  to  precipitation  of 
Pb  at  the  reaction  pH,  preventing  more  concentrated  Pb“  solutions  from  being  used.  The 
lower  limit  of  detection  has  been  demonstrated  as  low  as  10  nM  Pb2+,  where  a  total  of  2.33  ± 
0.98  times  the  control  was  observed  after  one  hour  reaction  time  (Figure  1 1). 
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Figure  10:  Comparison  of  total  fluorescent  intensities  for  DNAzyme  sensors  assembled  on 

planar  gold-coated  glass  and  gold-coated  polycarbonate  membranes  with  identical  geometric  size 

+2 

after  complete  reaction  with  10  pM  Pb  .  Access  to  ~250nm  pores  through  the  membrane 
allows  for  9.2  ±  3. 1  times  higher  intensity  attributed  to  the  higher  surface  area. 
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Figure  1 1 :  Intensities  of  fluorescence  after  reaction  with  10  nM  and  10  pM  Pb  for  60  minutes 
compared  to  the  intensity  of  the  solution  without  reaction  with  Pb2+  after  the  same  time  interval. 
Values  of  2.33  ±  0.98  times  and  4.85  ±1.15  times  the  control  were  calculated  for  10  nM  and  10 
pM  Pb2+,  respectively. 
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Chip  design.  We  designed  two  types  of  chips  for  these  experiments.  Figure  12  shows  the 
simpler  design  that  contains  two  channels,  a  source  channel  and  a  detection  channel.  For  this 
transport  device,  the  general  chip  design  consists  of  the  thin  PCTE  nanocapillary  array  layer 
sandwiched  between  two  crossed  PDMS  microfluidic  channels  (Figure  12A).  Crossed 
microfluidic  channels  were  fabricated  from  poly(dimethylsiloxane)  (PDMS)  using  standard  rapid 
prototyping  protocols  for  PDMS  (83).  Channels  used  in  this  experiment  were  100  pm  wide,  60 
pm  deep  and  1.4  cm  long  for  the  transport  devices.  A  reservoir  PDMS  layer  was  sealed  on  the 
top  of  the  sandwiched  device  and  fluidic  connection  to  the  various  channel  layers  was 
accomplished  by  punching  small  holes  through  the  PDMS  channel  layers.  Figure  12B  shows  a 
photograph  of  the  transport  device.  The  small  rectangle  is  the  PCTE  membrane  containing 
200-nm  diameter  cylindrical  pores.  This  device  was  used  for  lead  calibration  and 
characterization  of  a  complex  electroplating  sludge  waste  described  later  in  this  report.  Figure 
12C  describes  one  possible  arrangement  of  applied  voltages  across  the  channel  arms  that  force 
solution  to  flow  from  one  reservoir  to  another  along  the  channels,  in  this  case,  positively  charged 
species  would  move  from  the  source  channel  through  the  membrane  to  the  detection  channel. 


12B 


Source  channel 


Figure  12:  (A)  Schematic  of  two  crossed  microfluidic  channels  with  a  nanocapillary  array 

interconnect.  (B)  Optical  image  of  the  PDMS  gated  injection  and  transport  device.  (C)  Electrical 
bias  configuration  for  electrokinetic  injection  and  electrophoretic  transport  of  Pb2H . 
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A  second  design  is  shown  in  Figure  13.  sampiejnlet  separation  channel 
A  three  channel  design  allows  more 
flexibility.  The  injection  channel  can  be 
constantly  replenished  with  sample  from 
an  environmental  source,  such  as  river 
water.  For  analysis,  voltages  are  altered 
to  inject  a  portion  of  the  injection  channel 
volume  onto  the  separation  channel.  This 
channel  is  designed  for  electrophoretic 
separation  of  analytes.  When  the  analyte 
of  interest  is  at  the  intersection  of  the 
detection  channel  with  the  microchambers,  voltage  switching  sends  the  analyte  band  into  the 
microchamber  of  choice  where  the  catalytic  DNA  is  immobilized.  In  this  configuration,  three 
microchambers  are  shown,  each  with  its  own  specific  DNAzyme  for  multianalyte  detection. 
Figure  14  shows  the  three  channel  chip.  Figure  14A  shows  a  schematic  where  the  channels  can 
be  isolated  from  one  another  using  the  molecular  gate  membrane  as  well  as  a  photograph  of  an 
actual  device.  Solutions  can  be  moved  from  one  area  of  the  chip  to  another  by  proper 
application  of  voltages  across  the  reservoir  ends  as  shown  in  Figure  14B. 
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Figure  13:  Three  channel 

microfluidic  system. 
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Figure  14:  Three  channel  micro  fluidic  sensors. 

Electrophoretic  control  of  solution  movement.  Using  a  two  channel  sensor  (Figure  12B),  we 
demonstrated  the  movement  of  Pb2 '  from  a  reservoir,  through  the  source  channel,  through  the 
molecular  gate  membrane,  and  into  the  detection  channel.  The  injection  channel  was  filled  with 
background  electrolyte  solution  (BGE)  and  the  reservoirs  were  filled  with  Pb2  in  BGE.  The 
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detection  channel  was  filled  with  DNAzyme  system  (hybridized  system  with  enzyme  strand 
(17E)  and  a  substrate  strand  (17DS))  in  BGE.  Micro  fluidic  transport  was  achieved  by  applying 
bias  across  different  reservoir.  The  electrical  bias  pathway  for  the  sequences  of  injection  and 
collection  modes  for  Pb2h  are  illustrated  in  Figure  12C.  To  inject  Pb2  solution  into  the 
detection  channel,  a  positive  high  voltage  were  applied  to  the  two  reservoirs  at  the  ends  of  the 
source  channel  while  grounding  the  waste  reservoir  of  the  detection  channel.  With  200  mn  pore 
diameter  nanocapillary  array  interconnections,  this  forward  bias  condition  causes  flow  from  the 
injection  channel  through  the  nanocapillary  array  to  the  collection  channel.  The  sequential 
images  in  Figure  3  captures  injection  band  at  the  intersection  of  the  two  cross-channels.  The 
fluorescence  steadily  increases  with  time  as  the  Pb"  band  moves  through  the  channel. 


Figure  15.  Fluorescence  image  series  for  gated  injection  of  Pffband  across  the  array  of  200 
mn  diameter  capillaries. 


As  soon  as  high  bias  was  applied  (the  on  state),  Pb“  was  brought  into  contact  with  the 
DNAzyme  in  the  nanocapillary  array  and  emission  occurred  since  the  fluorescently  tagged 
substrate  DNA  cleaves  from  the  DNAzyme  upon  contact  with  Pb  .  Because  only  the  detection 
waste  reservoir  is  grounded,  flow  is  directed  from  both  arms  of  the  source  channel  toward  the 
end  of  right  arm  of  detection  channel.  The  Pb“  migration  was  monitored  by  fluorescence 
microscopy  perfonned  on  an  inverted  Olympus  (Melville,  NY)  epi-illumination  microscope  as 
shown  in  Figure  16. 
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Figure  16:  Experimental  set  up  for  detection  of  fluorescent  emission  from  the  detection  channel. 
A  three  channel  chip  is  shown. 
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Figure  17  shows  results  from  using  the  three  channel  chip  (Figure  14).  With  the  electrical 
biases  from  Fig  14B,  we  were  able  to  prove  controlled  movement  of  solutions  along  multiple 
channels.  By  switching  the  voltage  bias  configurations,  a  versatile  fluidic  manipulation  was 
demonstrated.  The  injection  and  separation  channel  (Fig.  13)  were  filled  with  BGE  and  the 
collection  channel  was  filled  with  500  nM  DNAzyme.  After  verifying  complete  filling,  one  of 
the  reservoirs  of  the  injection  channel  was  replaced  with  10  pM  Pb  .  Figure  17A  shows  a 
sequence  of  fluorescence  images  of  electrokinetically  injected  Pb2+  forced  into  the  collection 
(detection)  channel  containing  the  DNAzyme.  The  first  picture  is  the  background  state  where 
slight  fluorescence  is  observed  due  to  substrate  DNA  adhesion  to  the  membrane.  The  second 
picture  shows  the  migration  and  injection  of  the  lead  solution  into  the  detection  channel 
whereupon  the  DNAzyme  reacts  to  cleave  the  substrate  DNA  and  release  fluorophores.  We 
note  that  the  negatively  charged  cleaved  DNA  moves  toward  the  highest  positive  bias.  The  off 
state  shows  the  eventual  clear  out  of  the  fluorescent  fragments  after  injection  is  stopped.  The 
images  show  the  electrophoretic  control  of  Pb“  and  cleaved  DNA  through  the  microchannels  via 
nanocapillary  array.  These  results  were  obtained  using  the  laser  induced  fluorescence  detection 
scheme  (Figure  16).  Future  control  of  the  migration  and  collection  of  the  fluorescent  substrate 
fragments  will  further  enhance  our  detection  limits.  If  we  monitor  the  fluorescence  increase 
over  multiple  injections  of  the  lead  solution,  the  trace  shown  in  Figure  17B  is  obtained.  This 
figure  shows  three  separate  injections  of  lead,  indicating  very  reproducible  performance. 
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Figure  17:  Fluorescent  images  of  lead  injections  into  the  collection  channel  from  background 
to  the  on  (inject)  state  to  the  off  state  (17A).  Results  from  multiple  injections  show  the  system 
reproducibility. 

Calibration  Curve  with  Lead  Solution.  Using  the  two  channel  system  (Figure  12),  additional 
experiments  were  performed  to  investigate  the  reproducibility  of  low  lead  concentrations  and  the 
quantitative  behavior  of  the  chip.  Figure  18  (left)  shows  the  reproducibility  of  transfer 
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experiments  in  which  100  nM  Pb"  is  transferred  from  the  source  channel  to  the  detection 
channel  across  a  PCTE  molecular  gate  membrane  under  the  same  bias  conditions  used  in  Figure 
12C.  The  source  channel  was  filled  with  100  nM  Pb"  in  BGE  and  the  detection  channel  was 
filled  with  500  nM  DNAzyme.  Fluorescence  was  detected  by  laser-induced  fluorescence  (LIF) 
excited  with  488-nm  radiation  from  an  argon  ion  laser  (Fig.  16).  Excellent  reproducibility  was 
obtained  using  this  low  lead  concentration.  The  detection  limit  was  evaluated  by  repetitive 
injection  of  50  nM  Pb2+  standard  solution.  From  the  baseline  noise  during  the  off  state  and  the 
fluorescence  intensity  of  50  nM  Pb2+  at  during  the  on  state,  the  detection  limit  (signal-to-noise 
ratio  of  3:1)  was  determined  to  be  11  nM  (2.2  ppb)  which  is  lower  than  the  72  nM  (15  ppb) 
action  level  in  drinking  water  recommended  by  the  U.S.  Environmental  Protection  Agency  {84). 
These  results  demonstrate  that  the  combination  of  electrokinetically  actuated  measurement 
cycles  on  a  micro  fluidic  device  and  a  Pb2 -selective  DNAzyme  produce  a  device  sensitive 
enough  to  monitor  lead  in  drinking  water  or  ground  water.  A  calibration  curve  (Figure  18 
(right))  was  constructed  by  measuring  fluorescence  intensities  using  7  different  concentrations 
Pb  solutions  varying  in  concentration  from  100  nM  to  200  pM.  The  plot  of  fluorescence 
intensity  versus  [Pb2+]  agreed  well  with  the  response  rate  versus  [Pb2+]  curve  using  a 
conventional  spectrofluorometer  (73)  suggesting  reliable  perfonnance  of  on-chip  DNAzyme 
assays  for  Pb“  . 


Figure  18:  (Left)  Migration  of  a  probe  across  PCTE  nano-capillary  arrays  with  200  nm- 
diameters  connecting  to  PDMS  channels.  Fluorescence  intensity  to  monitor  the  transport  of 
Pb2h  in  Lactate/HEPES  BGE,  pH7.2.  (Right)  Calibration  curve  of  the  DNAzyme-based  Pb2+ 
detection  system. 


Electrophoretic  Cation  Separation.  In  future  generations  of  these  microfluidic  devices,  the 
separation  channel  will  be  used  to  isolate  the  desired  analyte  band  from  other  analytes  and 
interferents.  To  this  end,  we  began  investigating  the  use  of  conductivity  detection  to  prove  the 
metal  separation  on  column.  The  microfabricated  capillary  electrophoresis  channel  is  used  to 
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separate  Pb  from  other  common  divalent  metal  ions.  The  separated  Pb"  is  then  selectively 
brought  into  contact  with  the  DNAzyme  contained  in  the  detection  channel  via  the  nanocapillary 
array.  Knowing  the  velocity  of  Pb"  migration  in  the  separation  channel  and  its  arrival  at  the 
nanocapillary  gate  allows  timing  of  the  voltage  biases  to  move  this  Pb2+  band  into  the  detection 
channel.  Conductivity  detection  (CD)  has  been  studied  to  evaluate  the  migration  time  of  Pb2 ' 
as  well  as  the  separation  of  alkali,  alkaline  earth  and  heavy  metal  ions  in  the  microchannel.  In 
this  study,  two  different  CD  methods  have  been  tested  as  shown  in  Figure  19;  (A)  the  contact 
approach,  based  on  electrodes  embedded  in  the  chip  that  are  in  direct  contact  with  the  solution 
and  measuring  resistances  of  the  contacting  solutions,  and  (B)  capacitively  coupled  contactless 
CD,  based  on  placing  two  planar  sensing  aluminum  film  electrodes  on  the  outer  side  of  the  ~50 
pm-thick  (PDMS)  layer  (without  contacting  the  solution)  and  measuring  the  impedance  of  the 
solution  in  the  separation  channel.  Preliminary  work  has  shown  that  the  contact  approach  has 
the  greatest  sensitivity  to  changes  in  solution  conductivity  with  the  sensing  electrodes  in  contact 
with  the  separation  solution,  but  presented  a  significant  design  problem  because  the  detection 
circuits  must  be  isolated  from  the  high  voltage.  In  this  study,  the  optimized  BGE  itself  has  very 
high  conductance  with  high  concentrations  of  lactate  and  HEPES  ions  and  the  method  sensitivity 
was  considered  as  significant  issue.  The  end-column  detection  was  adopted  to  decouple  the 
separation  voltage  from  the  electrochemical  detector  unit.  The  electrodes  were  fabricated  from 
sputter  coated  Au  electrodes  (30  pm  x  50  pm)  separated  by  a  gap  of  26  pm  on  a  glass  aligned 
PDMS  channel.  The  electrodes  were  just  outside,  yet  as  close  as  possible  to  the  exit  of  the 
separation  channel.  Figure  19A  shows  an  optical  picture  of  the  end  of  separation  channel, 
illustrating  the  alignment  of  the  working  electrode  with  the  microchannel.  Recently,  the 
contactless  detection  method  has  been  shown  to  have  several  advantages  over  the  contact  mode, 
including  the  absence  of  problems  such  as  electrode  degradation,  bubble  formation,  the  effective 
isolation  from  high  separation  voltage,  and  a  simplified  construction  and  work  will  continue  with 
this  method.  A  commercially  available  LCR  meter  was  used  for  the  detection  of  impedance  of 

the  passing  solution.  An  8-relay 
system  (Chemistry  Electronics  Shop, 
UIUC)  was  used  to  switch  electrical 
contact  between  electrode  and  voltage 
source  (Bertan  High  Voltage,  Hicksville, 
NY,)  at  different  configurations  for 
microfluidic  manipulation.  Control  of 
the  relay  system,  LCR  meter  and  data 
collection  were  achieved  through  USB- 
GPIB  interface  (Agilent  Technologies) 
with  Labview  programs  and  data 
acquisition  cards  (National  Instruments). 
Figure  19:  Microchip  electrophoretic 
system  with  conductivity  detection.  (A) 
contact  gold  electrode  chip  and  (B) 
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Results  for  the  contact  electrode  approach  are  shown  in  Figure  20.  The  contact  electrode 
approach  showed  better  sensitivity  for  both  conductivity  standard  solutions  and  standard  lead 
solutions  than  the  contactless  electrode  approach.  Figure  20  presents  the  resistance  responses 
for  the  sputter  coated  electrode  based  chip  when  different  standard  solutions  were  injected 
showing  sufficient  method  sensitivity  under  optimized  detection  electronics.  These  results 
show  that  this  conductivity  measurement  approach  will  work  to  show  the  presence  of  metal  ion 
analyte  bands  as  they  pass  the  electrodes.  We  can  use  this  approach  to  optimize  our  ability  to 
separate  metal  ions  on  the  separation  channel  and  characterize  the  migration  behavior  of  analytes 
on  our  micro  fluidic  devices. 


Figure  20:  Resistance  (conductivity)  measurements  for  different  standard  conductivity 
solutions  (left)  and  standard  lead  concentrations  (right)  at  an  operation  frequency  of  100  kHz  and 
an  excitation  voltage  of  IV. 

We  have  worked  to  optimize  the  composition  of  the  background  electrolyte  (BGE)  since  its 
composition  will  affect  separation  ability,  DNAzyme  performance,  and  detection  efficiency. 
The  electrolyte  must  allow  controllable  fluidic  transfer  of  lead-containing  analyte  solution, 
delivery  of  the  hybridized  DNA  strands  (DNAzyme)  and  sample  to  the  detection  site,  while  also 
enabling  high  efficiency  cleavage  of  the  DNA  substrate  in  the  presence  of  Pb2+.  Because  the 
future  goal  was  to  optimize  DNAzyme  perfonnance  while  retaining  the  possibility  of  separating 
a  metal  ion  mixture  by  capillary  ion  analysis  in  the  microfluidic  device,  the  lactate  system  by 
Fritz  et  al.  was  adopted  (55).  Using  the  12  mM  lactate  system  at  pH  4,  pH  5  and  pH  7,  Pb2h 
was  separated  from  other  divalent  metal  ions  such  as  Mn“  ,  Gd  ,  Co“  ,  Ni  ,  and  Cu“  in  a 
laboratory  capillary  electrophoresis  (CE)  (P/ACE,  Beckman  Coulter  Inc.,  Fullerton,  CA)  system 
equipped  with  indirect  UV  detection  as  shown  in  Figure  21  A.  For  the  CE  study,  8  mM  4- 
methylbenzylamine  was  used  as  a  UV  reagent,  the  separation  voltage  was  30  kV,  and  a  75  pm  ID 
and  60  cm  long  capillary  was  used.  Unfortunately,  the  DNAzyme  was  not  active  in  the 
presence  of  Pb2 1  in  these  lactate  system.  In  an  effort  to  improve  the  DNA  cleavage  reaction 
performance,  50  mM  HEPES  with  50  mM  NaCl  (75)  was  selected  as  a  potential  electrolyte. 
Addition  of  50  mM  NaCl  was  found  to  play  a  critical  role  in  stabilizing  the  substrate  and  enzyme 
strand  hybridization  reaction,  resulting  in  improved  sensitivity.  But  CE  separation  was  not 
optimal  in  the  HEPES  buffer.  Finally,  the  BGE  was  optimized  by  a  combination  of  lactate  and 
HEPES  at  25  mM  with  50  mM  NaCl.  Under  this  condition,  Pb“  was  separated  from  other 
metal  ions  on  the  laboratory  CE  (Figure  2 IB)  and  the  DNA  cleavage  reaction  was  efficient  with 
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a  700%  fluorescence  enhance¬ 
ment  in  the  presence  of  5  pM 
Pb2+  (Figure  2 1C).  The  use  of 
higher  NaCl  concentrations 
was  not  pursued  in  order  to 
prevent  generation  of  excess 
current  within  the  micro¬ 
channels  where  Joule  heating 
degrades  perfonnance  and  can 
eventually  cause  bubble  forma¬ 
tion.  This  lactate/HEPES 
background  electrolyte  was 
used  for  all  experiments  with 
these  chips. 


Figure  21:  (A)  Separation  of 

metal  ions  using  lactate.  Carrier 
electrolyte,  15  mM  lactate,  8 
mM  4-methylbenzylamine  (pH 
7.2  adjusted  with  ammonium 
hydroxide);  Applied  separation 
voltage,  30  kV;  capillary, 
fused-silica,  75  pm  ID,  60  cm 
long.  (B)  Separation  of  metal 
ions  using  lactate/HEPES. 

Carrier  electrolyte,  25  mM 
lactate,  25  mM  HEPES,  50  mM 
NaCl,  8  mM  4-methyl- 
benzylamine  (pH  7.2  adjusted  with  ammonium  hydroxide);  (C)  Fluorescence  enhancement  of  the 
cleaved  strand  in  the  presence  of  Pb"  using  the  lactate/HEPES  buffer  system. 

Characterization  of  a  Complex  Electroplating  Sludge  Sample.  The  electroplating  sludge 
sample  was  purchased  from  Resource  Technology  Corporation  (Laramie,  WY)  and  prepared  for 
analysis  by  USEPA  Method  3050B  (86).  The  sludge  sample  was  thoroughly  mixed,  dried  and 
ground  immediately  before  use.  For  the  digestion,  2.5  mL  of  concentrated  HNO3  and  10  mL  of 
concentrated  HC1  were  added  to  0.1  g  sample  and  refluxed  for  15  min.  on  a  hot  plate.  The 
digestate  was  filtered  through  filter  paper  (Whatman  No.  41)  and  the  filtrate  was  collected  in  a 
volumetric  flask.  The  filter  paper  and  the  residue  were  both  washed  with  5  mL  of  hot  HC1. 
These  washings  were  collected  in  the  same  flask.  The  filter  paper  and  residue  were  removed 
and  placed  back  in  the  reflux  beaker.  5  mL  of  concentrated  HC1  was  added  and  heated  at  95  ±  5 
°C  until  the  filter  paper  dissolved.  The  residue  was  filtered  and  the  filtrate  was  collected  in  the 
same  flask.  The  cover  and  sides  of  the  reflux  beaker  were  washed  with  HC1  and  this  solution 
was  also  added  to  the  flask.  A  control  sample  was  prepared  by  following  the  entire  sample 
preparation  procedure  without  sludge.  The  sample  was  diluted  1:1  using  concentrated 
ammonium  hydroxide  followed  by  a  1000-fold  dilution  with  background  electrolyte  before 
injecting  on  the  microchip.  The  lead  concentration  was  determined  based  on  the  actual  weight 
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of  the  dried  sludge  sample  and  the  final  dilution  volumes. 


The  two  channel  sensor  shown  in  Figure  12  was  used  in  this  analysis.  Fluorescence  signals 
were  detected  using  the  experimental  arrangement  from  Figure  16.  To  challenge  the 
microfluidic  DNAzyme  sensor  against  a  complex  matrix,  it  was  used  for  Ptr  detennination  in 
an  electroplating  sludge  standard  reference  material.  The  certified  metal  contents  in  this 
material  are  shown  in  Table  2. 


Table  2.  Certified  metal  content  in  electroplating  sludge  reference  material. 

element  concn,a  mg/kg  element  concn,  mg/kg  element  concn,  mg/kg 


A1 

692.5  ±82.5 

Ba 

173.3  ±23.5 

Ca 

562.7  ±33.0 

Cr 

79.5  ±  14.1 

Cu 

63,169.3  ±2410.0 

Fe 

2,698.7  ±814.5 

Pb 

119,344.0  ±27453.0 

Mg 

(80.0) 

Mn 

17.5  ±2.1 

Hg 

(1.4) 

Ni 

193.6  ±  15.0 

Ag 

56.4  ±6.3 

Na 

(1,576.2) 

Zn 

182.6  ±41.0 

a  Certified  and  noncertified  values  (87),  values  in  parentheses  are  not  certified;  certified  values 
are  determined  on  a  dry  weight  basis;  uncertainties  are  one  standard  deviation  of  the 

measurement;  the  uncertainty  is  obtained  from  95%  Confidence  Intervals. 


For  this  assay,  the  standard  addition  method  was  used  to  account  for  matrix  effects.  In  this 
electroplating  sludge  sample,  it  was  also  observed  that  copper  (at  a  two-fold  higher  molar 
concentration)  partially  quenched  the  fluorescence  of  cleaved  DNA,  resulting  in  a  systematic 
error  in  the  quantitative  detection  of  Pb  .  Since  the  solubility  constant  of  Pb(OH)2  (Ksp=  2.5  x 
10'16)  is  three  orders  of  magnitude  larger  than  that  of  Cu(OH)2(Ksp=  1.6  x  10"19)  (88),  it  was 
possible  to  effect  quantitative  removal  of  copper  in  the  sludge  digestate  as  a  copper  hydroxide 
precipitate  at  the  electrolyte  pH  of  >  8.  We  confirmed  that  copper  ion  was  removed  to  an 
undetectable  level  using  the  laboratory  CE  instrument.  The  lead  ion,  on  the  other  hand,  gave  a 
quantitative  recovery  at  pH  8  and  the  enzymatic  DNA  reaction  was  even  more  efficient  than  at 
pH  7,  showing  faster  reaction  times  in  the  microfluidic  device.  Other  metal  ions  did  not 
interfere  in  the  quantitative  determination  of  lead. 


The  sludge  digestate  was  prepared  as  described  earlier  but  four  aliquots  were  spiked  with  a  50 
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mM  Pb"  standard  solution  to  make  final  added  concentrations  of  7,  12,  52  and  102  pM  Pb" 
producing  a  five  point  calibration  including  the  non-spiked  sludge  sample.  The  experiments 
were  conducted  in  the  same  manner  as  the  calibration  using  the  lead  standard  in  buffer  solution. 
The  calibration  plot  had  a  correlation  coefficient  of  0.9993.  The  concentration  of  lead  in  the 
standard  electroplating  sludge  reference  material  was  detennined  to  be  [Pb2+]  =  125,200  ±  3,756 
mg/kg,  a  value  within  4.9%  of  the  certified  value  of  119,344  mg/kg,  indicating  the  potential  for 
excellent  accuracy  of  this  micro  fluidic  /  DNAzyme  system  for  Pb2  f  detennination. 

Conclusions 

9+ 

As  detection  limits  for  Pb"  determinations  have  pushed  lower,  the  toxicity  levels  have  fallen 
accordingly.  Not  surprisingly,  there  is  a  push  for  robust,  sensitive  and  selective  methods  to 
detect  Pb2+  in  situ,  especially  because  of  the  well-known  detrimental  effects  to  children.  Field- 
usable  methods  for  Pb"  determinations  must  possess  the  analytical  figures  of  merit  possessed  by 
laboratory  methods,  and  be  rugged  and  regenerable,  to  enable  long-time  unattended  use. 
Working  toward  this  goal,  this  work  demonstrates  the  applicability  of  a  molecular  beacon 
approach  based  on  a  Au  surface-immobilized  DNAzyme  that  is  specifically  cleaved  in  the 
presence  of  Pb"  .  The  cleavage  reaction  frees  a  fhrorophore-containing  fragment,  effectively 
removing  it  from  vicinal  region  near  a  quencher  on  the  complementary  strand.  Subsequent 
fluorescence  measurements  are  related  to  Pb"  concentration  in  the  range  10  pM  >  [Pb  ]  >  1  nM. 
Additionally,  the  intact  DNAzyme  can  be  regenerated  after  use  for  subsequent  measurement 
cycles.  The  immobilized  DNAzyme  may  also  be  dried  after  assembly  with  little  loss  of  activity 
indicating  that  the  immobilized  system  is  robust.  All  these  results  suggest  that  the  Au  surface- 
based  DNAzyme -Pb  recognition  event  leading  to  molecular  beacon  operation  is  suitable  for 
incorporation  into  a  portable  Pb21  detection  device.  Furthermore,  detection  limit  estimates 
indicate  that  this  device,  even  in  its  current  embryonic  state,  is  capable  of  lead  detection  below 
drinking  water  action  limits,  drastically  increasing  its  utility.  Since  the  rate-limiting  step  is 
diffusion  to  and  away  from  the  Au  surface,  incorporation  into  a  flow-through  device  is  expected 
to  dramatically  improve  reaction  times. 

Although  this  DNAzyme  is  selective  for  Pb"  compared  to  its  response  for  other  divalent  cations, 
higher  selectivities  are  required  in  some  applications.  This  microfluidic  device  will  be  further 
developed  so  that  the  sample  analytes  are  separated  using  on-chip  capillary  electrophoresis, 
allowing  user  selectable  fractions  of  the  sample  flow  to  be  introduced  to  the  DNAzyme.  For 
such  a  system,  the  selectivity  for  particular  ions  would  be  enhanced,  since  it  will  be  determined 
by  the  product  of  the  ability  to  separate  the  desired  metal  cation  from  interfering  metal  ions  and 
the  selectivity  of  the  DNAzyme  molecular  recognition  agent  itself.  The  sensitivity  and  robust 
nature  of  the  DNAzyme  can  also  be  improved  by  immobilizing  the  DNA  within  the  molecular 
gate  pores  or  even  within  the  detection  channel,  instead  of  using  it  in  solution.  This  platform 
offers  the  possibility  of  incorporating  multiple  sensing  locations  in  one  device;  thus,  by 
incorporating  different  metal  ion  selective  DNAzymes  into  a  single  microfluidic  device,  multiple 
species  can  be  determined  simultaneously.  Successful  creation  of  this  microfluidic  device  leads 
to  creation  of  a  sensor  for  any  analyte  that  a  DNAzyme  can  react  with.  Other  research  is 
engaged  in  finding  sequences  that  are  selective  for  other  heavy  metal  species. 

The  direction  of  this  research  focuses  on  the  desired  characteristics  in  the  evolution  of  sensing 
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modalities.  The  trend  toward  miniaturization  continues  here  and,  when  combined  with  lab-on- 
a-chip  technology,  the  resultant  product  has  improved  selectivity  and  sensitivity.  The  reaction 
chemistry  for  sensing  is  regenerable  and  produces  no  additional  toxic  waste.  Operation  can  be 
geared  for  unattended  use  during  remote  and  long  term  monitoring.  Highly  controlled  flows 
equals  a  high  degree  of  user-defined  and  user-selectable  operation  parameters,  i.e.,  data  can  be 
collected  in  a  manner  relevant  to  complement  and  augment  other  measurement  devices.  The 
greatest  benefit,  however,  may  derive  from  the  immediate  applicability  of  this  research  toward 
the  development  of  other  metal  or  organic  molecule  sensors  —  with  the  goal  that  a  battery  of 
complementary  sensors  can  be  arranged  for  full  and  simultaneous  characterization  of  all  desired 
chemical  content. 
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Appendix 


Attached  below  are  the  two  peer-review  journal  articles  resulting  from  this  project.  Paper  1  has 
been  accepted  and  published  in  Analytical  Chemistry.  Paper  2  has  been  reviewed  and  revised 
and  is  in  press  at  Environmental  Science  and  Technology. 
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ABSTRACT 


A  Pb(II)-specific  DNAzyme  fluorescent  sensor  has  been  modified  with  a  thiol  moiety  in 
order  to  immobilize  it  on  a  Au  surface.  Self-assembly  of  the  DNAzyme  is  accomplished  by  first 
adsorbing  the  single  thiolated-enzyme  strand  (HS-17E-Dy)  followed  by  adsorption  of 
mercaptohexanol  (MCH),  which  serves  to  displace  any  Au-N  interactions  and  ensure  that  DNA 
is  bound  only  through  the  S-headgroup.  The  pre-formed  self-assembled  monolayer  (SAM)  is 
then  hybridized  with  the  complementary  fluorophore-containing  substrate  strand  (17DS-F1). 
Upon  reaction  with  Pb(II),  the  substrate  strand  is  cleaved,  releasing  a  fluorescent  fragment  for 
detection.  Fluorescence  intensity  may  be  correlated  with  original  Pb(II)  concentration,  and  a 
linear  calibration  was  obtained  over  nearly  four  decades:  10  pM  >  [Pb(II)]  >  1  nM.  The 
immobilized  DNAzyme  is  a  robust  system;  it  may  be  regenerated  after  cleavage,  allowing 
multiple  sensing  cycles.  In  addition,  drying  of  fully  assembled  DNAzyme  before  reaction  with 
Pb(II)  does  not  significantly  affect  analytical  performance.  These  results  demonstrate  that,  in 
comparison  with  solution-based  schemes,  immobilization  of  the  DNAzyme  sensor  onto  a  Au 
surface  lowers  the  detection  limit  (from  10  nM  to  1  nM),  maintains  activity  and  specificity, 
allows  sensor  regeneration  and  long-term  storage.  Realization  of  Pb(II)  detection  through  an 
immobilized  DNAzyme  is  the  first  important  step  toward  creation  of  a  stand-alone,  portable 
Pb(II)  detection  device  such  as  those  immobilizing  DNAzyme  recognition  motifs  in  the 
nanofluidic  pores  of  a  microfluidic-nanofluidic  hybrid  multilayer  device. 


31 


Lead  has  historically  been,  and  remains  today,  a  persistent  contaminant  in  the  environment. 


Environmentally  available  Pb  may  originate  from  lead-based  paints,  soil  and  dust  generated  from  gasoline 
and  industrial  pursuits,  and  water  from  pipes  with  lead-containing  connectors  or  joints.1  Regulatory 
improvements  have  been  made,  with  bans  on  Pb  additives  in  paints  and  reduction  of  Pb(C2Hs)4  levels  in 
gasoline  both  occurring  in  the  1970’s.  However,  because  Pb  is  not  biodegradable,  it  is  still  present  in 
the  environment  today.  Compounding  the  problem  is  the  reality  that  lead  use  remains  legal  in  many 
military  and  industrial  settings. 

Lead  is  particularly  harmful  to  children  because  of  their  small  size  and  developing  bodies. 
Although  known  to  affect  every  system,  Pb  has  uniquely  deleterious  effects  on  the  brain  and  central 
nervous  system.  At  high  blood  levels  (>  18  pM),  coma  and  death  can  occur.1  While  incidence  of  Pb 
poisoning  at  this  level  is  rare,  a  worrisome  percentage  of  school-aged  children  still  have  Pb  levels  in  blood 
that  are  considered  harmful.  Indeed,  the  blood  Pb  level  considered  harmful  has  itself  fallen  dramatically 
over  the  past  four  decades.  A  level  above  3  pM  was  considered  toxic  in  the  1960’s.  However,  by  the 
1990’s,  blood  concentrations  as  low  as  500  nM  had  been  associated  with  decreased  intelligence, 
behavioral  problems,  and  impaired  growth.1  Given  the  environmental  availability  of  Pb  and  the  dire 
consequences  of  accidental  exposure,  especially  on  the  young,  it  is  not  surprising  that  a  push  is  being 
made  to  develop  sensitive  and  robust  analytical  approaches  for  sensing  of  Pb  in  the  field. 

The  most  commonly  used  detection  techniques  for  laboratory-scale  Pb  determinations  have  been 
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atomic  absorption  spectroscopy  and  ICP,  due  mainly  to  their  high  sensitivity  for  Pb  and  relative 


simplicity.2'6  Analytical  advancements  have  provided  a  detection  limit  of  approximately  1  nM.7'8 
Electrochemical  methods  have  better  sensitivity  and  correspondingly  lower  detection  limits,  though 
interference  from  a  wide  range  of  ions  can  compromise  the  selectivity.912  Colorimetric  tests  for  Pb(ll) 
based  on  sulfide  or  rhodizonate  have  been  widely  use  for  decades  due  to  their  portability  and  cost- 
effectiveness.13'14  Nanoparticle-based  sensors  are  also  being  developed  for  Pb  detection  providing 
additional  colorimetric  methods  with  detection  limits  of  -100  nM.1516  New  optical  sensors  have  been 
developed  and  exhibit  high  sensitivity  but  are  currently  expensive  to  produce.17'20  It  would  be 
advantageous  to  develop  a  sensor  that  combines  the  desirable  properties  of  these  sensors;  that  is 
portable  and  that  is  capable  of  detecting  Pb  with  both  high  sensitivity  and  high  selectivity  at  reasonable 

cost. 

In-vitro  selection  is  a  powerful  technique  that  has  been  used  to  isolate  deoxyribozymes 
(DNAzymes)  that  are  cleaved  by  a  variety  of  analytes,  including  metal  ions.2123  Specifically,  a  DNAzyme 
that  is  cleaved  selectively  by  Pb(ll)  has  been  developed  in  our  laboratories.24  Briefly,  the  in  vitro  selection 
process  involves  using  a  large  random  sequence  pool  of  DNA  (-1014  sequences),  with  each  sequence 
containing  a  single  ribonucleic  adenosine  (rA)  base.  The  random  sequence  pool  of  modified  DNAzyme  is 
immobilized  on  a  column,  then  reacted  with  Pb(ll)-containing  eluent.  The  DNAzyme  is  cleaved  upon 
exposure  to  Pb(ll)  at  the  rA  base,  because  rA  is  susceptible  to  hydrolytic  cleavage.  The  fragmented 
DNAzyme  is  eluted  after  cleavage  in  quantities  determined  by  the  efficiency  of  the  Pb(ll)-induced 
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cleavage  reaction  for  each  specific  sequence.  The  most  abundant  fragments  are  amplified  with  PCR, 


reconstructed  to  contain  rA,  and  the  corresponding  sequences  are  reapplied  to  the  column,  followed  by 
another  exposure  to  Pb(ll),  but  under  more  stringent  conditions.  Specificity  can  be  further  increased  by 
incorporating  a  negative  selection  criterion  in  which  DNAzymes  that  are  reactive  with  analytes  other  than 
Pb(ll)  are  eliminated,  until  only  a  small  number  of  reactive  sequences  remain.25  The  process  is  repeated 
many  times,  until  the  single  sequence  which  is  most  efficient  and  selective  for  recognizing  Pb(ll)  is 
identified.  At  this  point,  the  DNAzymes  are  sequenced.  This  DNA  sequence  is  strategically  divided  to 
create  an  enzyme  strand  that  contains  the  random  base  sequence  and  a  complementary  substrate  strand 
that  contains  the  rA  base  and  cleaves  in  the  presence  of  Pb(ll). 

In  order  to  create  an  effective  sensor,  detection  of  small  amounts  of  the  DNAzyme-Pb(ll)  reaction 
product  must  be  possible.  To  this  end,  a  molecular  beacon  strategy  is  implemented  by  fluorescence 
labeling  of  the  original  Pb(ll)-specific  DNAzyme.26  In  this  case,  the  substrate  strand  (17DS)  is  labeled 
with  a  fluorophore  at  the  5'  end,  while  the  enzyme  strand  (17E)  is  labeled  with  a  corresponding  quencher 
at  the  3'  end.  When  the  strands  are  hybridized,  fluorescence  is  effectively  quenched,  and  little  signal  is 
observed.  The  principal  background  fluorescence  arises  due  to  incomplete  hybridization.  Upon 
reaction  with  Pb(ll),  the  substrate  strand  is  cleaved,  releasing  the  fluorescent  portion  for  detection. 
Solution-based  operation  elicits  a  linear  working  curve  in  the  range  4  pM  >  [Pb(ll)]  >  10  nM,  indicating  a 
sensitivity  that  rivals  that  of  atomic  absorption.26  In  addition,  selectivity  was  greatly  enhanced  over  other 
divalent  metal  ions  with  several  thousand-fold  selectivity  over  Mn(ll),  Ni(ll),  Cd(ll),  Cu(ll),  Mg(ll),  and 
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Ca(ll),  and  ~  80-fold  selectivity  over  the  next  best  competitor  Co(ll). 


Until  now  the  Pb(ll)-specific  DNAzyme  sensor  has  been  limited  to  bulk  solution  reactions.  There 
are  two  inherent  advantages  associated  with  moving  to  a  surface-immobilized  sensor.  First,  since 
hybridization  of  enzyme  and  substrate  strands  is  never  complete,  background  fluorescence  is  observed, 
even  in  the  absence  of  a  specific  cleavage  reaction.  Because  noise  in  the  background  fluorescence  is  a 
fundamental  limitation  when  working  at  low  analyte  concentrations,  efforts  to  reduce  the  background  can 
produce  lower  limits  of  detection.  Immobilization  of  DNAzymes  on  a  surface  can  overcome  limited 
hybridization  efficiency  making  it  feasible  to  wash  away  un-hybridized  fluorescent  substrate  DNA,  thus 
reducing  the  background  fluorescence,  a  task  not  easily  achievable  when  DNAzymes  are  in  bulk  solution. 
Second,  the  surface-immobilized  DNAzyme  may  be  regenerated  and  used  multiple  times,  a  possibility 
that  is  not  straightforward  in  solution-based  sensors.  Hybridization  of  surface-bound  DNA  has  been 
shown  to  be  reversible,  suggesting  the  possibility  of  reusing  the  surface  for  successive  measurements.27 
For  example,  Ramachandran  etal.  produced  a  surface-immobilized  DNA  molecular  beacon  that  exhibited 
75  %  of  the  original  signal  intensity  after  one  regeneration.28 

Despite  the  above  benefits,  transforming  DNAzyme  sensors  from  bulk  solution  to  planar  surfaces 
is  not  trivial,  because  surface  interactions  may  interfere  with  the  DNAzymes’  activity.  Therefore  biotin- 
avidin  has  been  used  for  immobilization  of  DNAzyme  on  planar  gold  surfaces  to  prevent  direct  interaction 
between  the  DNAzyme  and  the  gold  surface.30  Detection  methods  used  for  hybridization  and  activity  in 
this  scheme  are  based  on  surface  plasmon  resonance.  While  DNAzyme  does  retain  its  activity  using 
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this  method,  it  was  desirable  to  find  a  simpler  and  less  expensive  way  to  immobilize  the  DNAzyme  as  well 


as  a  more  sensitive  method  of  detection,  such  as  fluorescence. 

Though  many  strategies  for  immobilization  exist,  exploiting  Au-thiol  chemisorption  is  attractive 
due  to  ease  of  preparation  and  broad  applicability.  Thiol-gold  chemistry  for  DNAzyme  immobilization 
has  been  demonstrated  for  Au  nanoparticle  functionalization,15'16'31'32  but  the  different  surface  termination 
chemistry  and  the  drastically  different  diffusion  properties  of  planar  surfaces  mean  that  utilizing  Au-thiol 
chemistry  for  immobilization  of  DNAzyme  on  planar  surfaces  is  a  non-trivial  undertaking. 

Organothiols  readily  self-assemble  on  Au  surfaces,  forming  densely  packed  monolayers  (SAMs) 
with  the  distal  end  of  the  thiol  solution-accessible.33-35  DNA  can  be  tethered  to  Au  in  a  straightforward 
manner  by  thiolating  one  end  of  the  DNA  36-40.  However,  DNA  does  not  typically  form  densely  packed 
monolayers,  the  detailed  packing  structure  of  DNA  SAMs  depending  on  several  factors,  including, 
importantly,  oligonucleotide  length.  Due  to  the  propensity  of  Lewis  bases,  especially  nitrogen-based 
moieties,  to  chemisorb  to  Au,  bases  along  the  DNA  backbone  also  interact  with  the  surface.41  Tarlov 
and  coworkers  have  developed  a  unique  method  to  combat  multivalent  adsorption  of  thiolated  DNA  by 
mixing  monolayers  of  DNA  with  mercaptohexanol  (MCH).27’ 42> 43  In  this  process,  the  DNA-modified 
substrate  is  soaked  in  MCH  after  formation  of  the  DNA  SAM,  effectively  displacing  N-Au  bonds,  leaving 
DNA  bound  only  at  the  S  headgroup.  In  addition,  this  increases  the  average  distance  between  adjacent 
DNA  molecules,  producing  an  environment  more  conducive  to  physical  access  of  complementary  strands 
for  hybridization.  Mixed  monolayers  have  also  been  shown  to  be  stable  through  sensor  regeneration, 


36 


with  no  loss  of  specificity.42 


In  the  present  work,  MCH-DNA  mixed  monolayers  are  utilized  to  immobilize  the  DNAzyme  on  a 
Au  surface  with  the  goal  of  creating  a  surface-based  Pb(ll)  sensor.  Conditions  for  optimum  surface 
immobilization  and  hybridization  are  defined,  and  the  resulting  structures  are  characterized  with  respect  to 
their  ability  to  detect  Pb(ll)  sensitively  and  selectively.  Sensor  regeneration  is  also  explored. 


EXPERIMENTAL  SECTION 

Oligonucleotide  sequences 

DNA  enzyme  strand,  17E,  with  modifications  was  purchased  from  Integrated  DNA  Technologies 
(IDT)  or  from  Trilink  Bio  Technologies,  Inc.,  while  the  DNA/RNA  chimeric  substrate  strand,  17DS,  with 
modifications  was  purchased  from  IDT.  All  oligonucleotides  and  abbreviations  are  shown  in  Table  1. 
All  reagents  were  purchased  from  Aldrich,  Inc.,  and  were  used  without  additional  purification,  with  the 
exception  of  buffer  solutions,  which  were  chelated  for  divalent  metal  ions  using  Chelex  100  beads. 

Planar  Au  surfaces 

Planar  Au  surfaces  were  produced  by  vapor  deposition  onto  glass  microscope  slides.  Glass 
microscope  slides  were  first  cleaned  in  piranha  solution  (70%  H2SO4,  30%  H2O2)  for  30  min  followed  by 
thorough  rinsing  with  deionized  (18  MQ  cm)  water.  ( CAUTION :  Piranha  is  a  vigorous  oxidant  and 
should  be  used  with  extreme  caution!)  After  cleaning,  the  glass  slides  were  rinsed  with  isopropyl  alcohol 
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and  dried  with  a  dry  N2  stream.  Prior  to  Au  film  deposition,  Cr  was  deposited  as  an  adhesion  layer  at  a 


rate  of  0.1  A/s  to  a  final  thickness  of  50  A.  Au  was  then  deposited  at  a  rate  of  1  A/s  to  a  final  thickness 
of  500  A.  Freshly  prepared  Au  films  were  stored  in  a  dry  N2  atmosphere  until  ready  for  use.  Before  use, 
Au  surfaces  were  cleaned  with  piranha  solution  for  20  min  and  rinsed  with  deionized  water  for  5  min. 
Assembly  of  DNA  SAMs  on  Au 

Assembly  of  thiolated-DNA  on  Au  and  hybridization  of  complementary  DNA  followed  previously 
reported  methods.27’42'44  Immobilization  of  HS-17E-Dy  (or  HS-17E-FI)  on  Au  was  achieved  by  soaking 
piranha-cleaned  Au  surfaces  ( ca .  0.5  x  0.5  cm2)  in  a  solution  comprised  of  1  M  potassium  phosphate 
buffer  (pH  =  6.9),  100  pM  tris(2-chloroethyl)  phosphate  (TCEP),  and  IpM  HS-17E-Dy  (or  HS-17E-FI)  for 
90  min.  TCEP  was  added  in  order  to  reduce  disulfide  bonds  or  oxidized  thiols  that  may  have  formed.44 
Surfaces  were  then  thoroughly  rinsed  in  deionized  water  and  immediately  soaked  in  1  mM 
mercaptohexanol  for  5  min.  Subsequently,  surfaces  were  thoroughly  rinsed  in  50  mM  tris  acetate  buffer 
(pH=7.2)  and  1  M  NaCI.  Hybridization  was  accomplished  by  soaking  in  1  pM  17DS-FI  in  50  mM  tris 
acetate  buffer  (pH=7.2)  and  1  M  NaCI  in  a  70  C  water  bath  for  60  min.  The  bath  was  then  allowed  to 
cool  to  room  temperature  over  60  min,  cooled  to  4°C  for  30  min,  and  again  allowed  to  come  to  room 
temperature. 

Detection  of  Pb(ll)  by  DNAzyme  in  solution 

Solution  assays  of  DNAzyme  were  performed  with  10  nM  HS-17E-Dy  and  10  nM  17DS-FI  in  50 
mM  tris  acetate  buffer  (pH=7.2)  and  50  mM  NaCI.  100  pM  TCEP  was  also  added.  Hybridization  was 
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accomplished  by  heating  in  a  70  C  water  bath  for  60  min  and  cooling  to  room  temperature  over  60 


minutes.  The  solution  was  then  cooled  to  4”C  for  30  min,  and  again  allowed  to  come  to  room 
temperature.  Fluorescence  spectra  was  recorded  using  a  0.5  by  0.5  cm2  quartz  cell  in  a  Jobin  Yvon 
Fluoromax-P  fluorimeter  (Aex  =  491  nm  and  Ae m  =  500-575  nm).  10  (.iM  Pb(ll)  was  then  added  and,  after 
5  min  reaction  time,  fluorescence  spectra  again  documented. 


Detection  of  Pb(II)  by  immobilized  DNAzyme 

Prior  to  using  the  substrate-immobilized  DNAzyme  for  Pb  sensing,  it  was  soaked  in  50  mM  tris 
acetate  buffer  (pH=7.2)  and  50  mM  NaCI  solution  for  5  min  in  an  effort  to  remove  any  remaining 
physisorbed  substrate  strand,  which  was  minimized  by  MCH-passivation,  and  to  rinse  away  any 
dissociated  substrate  strand  at  the  lower  NaCI  concentration.  Measurements  were  made  by  placing  the 
assembled  DNAzyme-MCH  SAM  in  a  Pb(ll)-containing  solution  in  50  mM  tris  acetate  buffer  (pH=7.2)  and 
50  mM  NaCI.  The  DNAzyme  surface  was  allowed  to  react  with  the  Pb  solution  for  60  min,  after  which  it 
was  removed  and  then  rinsed  with  the  reaction  solution.  Single  wavelength  fluorescence  intensity  of  the 
cleaved  DNA  portion  in  the  solution  was  determined  with  Aex  =  491  nm  and  Aem  =  518  nm.  Since  no 
fluorescence  peak  shift  nor  shape  change  was  observed  under  varying  experimental  conditions,  the 
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measurement  of  peak  integrated  areas  and  peak  maxima  produced  similar  values  (within  5  %).  Thus, 


fluorescence  peak  intensities  have  been  used  for  simplicity  and  because  they  allow  real-time  monitoring 
and  rapid  measurements  during  kinetic  experiments. 

Regeneration  of  active  DNAzyme  substrates 

For  determination  of  regeneration,  the  surface-immobilized  DNAzyme  was  first  prepared  as 
described  above.  After  an  initial  reaction  of  the  sensor  with  Pb(ll),  the  activity  was  determined  by 
fluorescence  measurements.  The  reacted  sensors  were  subsequently  soaked,  individually,  in  Millipore 
water  for  18  hours  in  closed  sample  vials.  The  samples  were  then  rinsed  with  Millipore  water  for  5 
minutes.  Hybridization  of  17DS-FI  was  repeated  by  soaking  the  reacted  sensors  in  50  mM  tris  acetate 
buffer  at  pH=7.2  and  1  M  NaCI  with  1  pM  17DS-FI  with  the  same  heating  and  cooling  described  above. 
Non-regenerated  control  samples  were  soaked  in  identical  buffer  solutions  and  heating  conditions, 
without  17DS-FI.  The  controls  and  regenerated  substrates  were  reacted  with  10  pM  Pb(ll)  in  50  mM  tris 
acetate  buffer  (pH=7.2)  and  50  mM  NaCI  for  60  minutes.  The  reaction  solution  was  rinsed  over  the 
surface  of  the  sensor  and  fluorescence  intensity  determined. 

RESULTS  AND  DISCUSSION 

Activity  of  DNAzyme  in  solution 

The  DNAzyme  used  is  slightly  modified  from  that  used  in  previous  publications,2645  and  thus  its 
solution  activity  was  first  assessed.  The  enzyme  strand  has  been  modified  by  addition  of  a  thiol  group 
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via  a  (CH2)6  linker  to  a  5-T  linker  and  extension  of  the  arm  nearest  the  thiol  modification.  The  substrate 


strand  has  had  its  complementary  arm  extended  to  match  that  of  the  enzyme  strand  up  to  the  polyT  linker. 

While  previously  reported  DNA  array  techniques  employ  a  longer  polyT  linker  (10-15  bases),  a  5- 
T  linker  was  chosen  for  two  reasons.  First,  previous  work  has  shown  that  100%  hybridization  efficiency 
is  achieved  using  this  MCH  backfilling  methodology  in  the  absence  of  any  polyT  linker,  i.e.,  the  (CH2)6 
chain  between  the  thiol  headgroup  and  the  complementary  portion  of  the  nucleotide  sequence  is  sufficient 
for  extending  the  DNA  above  the  MCH  layer  for  complete  hybridization.2742  Second,  single  molecule 
fluorescence  resonance  energy  transfer  work  in  our  laboratories  has  shown  that  a  5-T  linker  is  sufficient 
for  DNAzyme  activity  (unpublished  observation). 

As  seen  in  Figure  1,  when  17DS-FI  is  hybridized  with  HS-17E-Dy  in  solution,  fluorescence 
intensity  is  relatively  low.  After  addition  of  10  pM  Pb(ll),  fluorescence  intensity  increases  by  270%  after 
only  5  min  reaction  time  at  300K,  compared  to  a  60%  increase  observed  for  the  previously  reported 
sequence.46  The  increased  ratio  is  attributed  to  the  extension  of  the  tethering  arm,  thereby  increasing 
hybridization  efficiency  at  room  temperature.  Spectra  show  no  peak  shift  or  shape  change  after 
cleavage.  It  is  also  inferred  that  the  addition  of  a  sulfhydryl  headgroup  and  polyT  linker  has  no 
discernible  effect  on  Pb-induced  cleavage  and  generation  of  luminescence. 

Activity  of  DNAzyme  on  Au  surfaces 

Figure  2  illustrates  the  basic  immobilization  and  reaction  protocol  used  throughout  this  work. 
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Thiolated-enzyme  strand  is  immobilized  on  Au  via  thiol  chemisorption;  the  surface  is  back-filled  with  MCH; 


and  substrate  strand  is  hybridized  onto  enzyme  strand  to  prepare  the  DNAzyme  surface  for  Pb  detection. 
Upon  reaction  with  Pb(ll),  the  fluorophore-containing  portion  is  released  into  solution,  where  it  can 
subsequently  be  detected.  The  goal  of  this  work  is  to  establish  the  activity  and  figures  of  merit  for  the 
fluorigenic  Pb(ll)-DNAzyme  reaction,  when  the  DNAzyme  is  initially  immobilized  on  a  planar  Au  substrate. 

The  choice  of  sampling  time  is  important  in  this  experiment.  In  order  to  determine  the  optimal  time  of 
reaction,  a  kinetic  experiment  was  performed.  The  surface  immobilized  DNAzyme  was  reacted  with  10 
|iM  Pb(ll)  in  quiescent  solution,  and  fluorescence  intensities  were  collected  at  10  min  intervals.  Figure  3 
shows  fluorescence  intensity  versus  time  for  an  active,  Au-bound  DNAzyme  upon  addition  of  Pb(ll).  The 
solid  line  shows  a  fit  to  a  second  order  reaction  with  fluorescence  intensity  proportional  to  t1/2,  typical  of  a 
diffusion-limited  process.  A  mechanism  in  which  the  rate  limiting  step  is  diffusion  of  species  to  and  away 
from  the  Au  surface,  rather  than  the  reaction  of  DNAzyme  with  Pb(ll),  is  consistent  with  the  rapid 
DNAzyme  cleavage  observed  in  solution.  Clearly  the  fluorescence  intensity  nears  saturation  at  times  t> 
1  h,  from  which  it  was  determined  that  1  h  is  an  appropriate  reaction  time  for  quantitative  Pb(ll) 

determinations. 

A  control  experiment  was  carried  out  to  ensure  that  the  DNAzyme  is  actually 
immobilized,  rather  than  simply  physisorbed  on  the  Au  surface.  For  this  experiment,  both  17E 
and  17DS  strands  were  labeled  with  fluorescein.  With  both  strands  labeled,  if  either  DNA 
strand  is  removed  from  the  surface  in  the  absence  of  specific  cleavage,  it  can  be  detected  by 
fluorescence.  Figure  4  shows  the  steady  state  fluorescence  intensity  after  addition  of  Pb(II)  to  a 
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series  of  four  Au-DNA  SAMs:  DNAzyme  and  three  negative  controls  consisting  of  no  DNA, 
17E  only,  and  17DS  only.  Clearly,  fluorescence  intensities  are  comparable  for  all  three  of  the 
controls  (43,000  ±  7,000),  even  in  the  absence  of  any  fluorophore,  as  in  the  no  DNA  condition. 
These  data  demonstrate  two  points:  1)  thiolated  enzyme  strands  are  not  released  to  a  significant 
extent  after  chemisorption  to  Au,  and  2)  any  non-specific  adsorption  of  substrate  strands  on  the 
Au  surface  containing  MCH  is  minor.  The  comparable  fluorescence  intensities  from  all  three 
negative  controls  indicate  that  the  reaction  buffer  used  for  the  Pb(II)  recognition  reaction,  not 
liberation  of  either  fluorescent  strand  from  the  Au  surface,  is  responsible  for  the  observed 
background  fluorescence.  The  relatively  high  fluorescence  intensity  (460,000  ±  30,000)  for  the 
DNAzyme  positive  control,  compared  to  the  negative  controls,  indicates  that  the  sensor  is 
responding  to  Pb(II)  as  anticipated.  In  fact,  the  increase  for  the  DNAzyme  is  >700  %  upon 
addition  of  10  pM  Pb(II),  indicating  that  Pb(II)  specifically  cleaves  surface-bound  DNAzyme, 
just  as  it  does  in  solution. 

For  the  Pb(II)  specific  DNAzyme  sensor  on  Au  it  was  necessary  to  verify  that  selectivity 
is  maintained  in  the  immobilized  state.  An  experiment  was  conducted  to  compare  the  activity  of 
the  DNAzyme  with  Pb(II)  to  that  of  its  previously  identified  most  strongly  interfering  divalent 
metal  ions  Zn(II)  and  Co(II),  and  the  biologically  relevant  ion,  Mg(II).  Detection  was 
performed  as  previously  described,  independently  reacting  5  pM  of  each  of  the  above  listed 
metal  ions  with  the  surface-bound  DNAzyme,  and  additional  control  samples  with  no  added 
metal  ion.  Figure  5  shows  the  fluorescence  intensity  of  the  interfering  ions  to  be  within  error  of 
the  control  intensity.  The  Pb(II)  reacted  samples,  however,  show  -300%  the  intensity  observed 
for  the  control.  This  demonstrates  that  the  Au-thiol  immobilization  has  not  lowered  the 
specificity  of  the  Pb(II)  DNAzyme. 
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A  critical  figure-of-merit  for  molecular  recognition  chemistry  to  be  exploited  in  a  functional  sensor 


is  its  ability  to  determine  the  analyte  of  interest  in  a  useful  concentration  range.  A  calibration  curve  for 
Pb(ll)  activity  on  the  DNAzyme  immobilized  sensor  is  shown  in  Figure  6.  A  linear  response  can  be 
achieved  over  a  wide  range,  10  pM  >  [Pb(ll)]  >  1  nM,  though  linearity  deviates  at  higher  Pb(ll) 
concentrations.  The  error  associated  with  these  measurements,  as  characterized  by  the  ±o  error  bars 
on  the  points  in  Fig.  6,  is  due  partially  to  variations  in  the  physical  dimensions  of  Au  substrates  that  are 
linked  directly  to  uncertainties  in  surface  coverage.  In  addition,  the  self-assembly  of  biological  molecules, 
with  its  inherent  dependence  on  local  structure,  can  also  contribute  to  the  statistical  variation.47 

A  major  advantage  of  utilizing  a  surface-immobilized  DNAzyme  for  analyte  recognition  is  the 
ability  to  regenerate  the  surface,  so  that  the  DNAzyme  can  be  reused.  To  test  the  possibility  of 
regenerating  previously  cleaved  DNAzyme  molecules,  an  experiment  was  performed  in  which  DNAzyme 
was  initially  reacted  with  Pb(ll).  Following  the  Pb(ll)  recognition  reaction  the  surface  was  soaked  in 
deionized  H2O  for  18  h  to  remove  the  substrate  strands  (both  cleaved  and  uncleaved).  The  remaining 
immobilized  enzyme  strands  were  then  rehybridized  with  17DS-FI,  and  the  DNAzyme  surface  was  again 
reacted  with  10  pM  Pb(ll).  The  regenerated  DNAzyme  surface  elicited  a  fluorescence  intensity  81%  of 
the  original  upon  exposure  to  Pb(ll),  viz.  Fig.  7.  In  contrast,  exposure  of  non-regenerated,  DNAzyme  to 
Pb(ll)  produced  fluorescence  only  6%  of  the  intensity  produced  by  the  original  reaction,  a  value 
comparable  to  that  produced  by  the  negative  controls,  cf.  Fig.  4. 

Since  the  surface-bound  DNAzyme  can  be  regenerated,  the  possibility  exists  of  storing  the 
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DNAzyme  surfaces  for  later  use  and/or  reuse.  This  is  a  necessity,  if  they  are  to  be  incorporated  as  the 


active  elements  of  microfluidic-based  sensor  structures  for  field  use.  Preliminary  results  indicate  that  this 
is  possible.  DNAzyme  surfaces  were  completely  assembled  with  mixed  monolayers  of  thiolated-enzyme 
strand  and  MCH  on  Au,  followed  by  hybridization  with  substrate  strand.  A  portion  of  the  DNAzyme 
structures  were  reacted  with  Pb(ll)  immediately,  while  the  remaining  structures  were  stored  dry  for  a 
period  of  1  day  followed  by  reaction  with  Pb(ll).  The  stored  substrates  produced  a  Pb(ll)-induced 
fluorescence  intensity  indistinguishable  (0.98  ±  0.08)  from  that  of  substrates  used  immediately  after 
preparation.  Unfortunately,  significant  fluorescence  intensity  (0.14  /control)  is  also  observed  in  the 
absence  of  Pb(ll)  as  well.  The  increased  background  most  likely  arises  from  non-specific  dissociation 
upon  drying,  loss  of  orientation  of  the  enzyme  strand,  and  non-specific  cleavage  when  moisture  is  not 

completely  removed. 

CONCLUSIONS 

As  biological  experiments  test  lead  toxicity  on  ever  lower  concentrations  of  lead,  the  acceptable 
exposure  levels  have  fallen,  requiring  improved  detection  limits  for  Pb(ll)  determinations.  Not 
surprisingly,  there  is  a  push  for  robust,  sensitive  and  selective  methods  to  detect  Pb(ll)  in  situ,  especially 

because  of  the  well-known  detrimental  effects  to  children.  Field-useable  methods  for  Pb  determinations 

must  possess  the  analytical  figures  of  merit  possessed  by  laboratory  methods,  and  be  rugged  and 
regenerable,  to  enable  long-time  unattended  use.  Working  toward  this  goal,  this  work  demonstrates  the 
applicability  of  a  molecular  beacon  approach  based  on  a  Au  surface-immobilized  DNAzyme  that  is 
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specifically  cleaved  in  the  presence  of  Pb(ll).  The  cleavage  reaction  frees  a  fluorophore-containing 


fragment,  effectively  removing  it  from  the  vicinal  region  near  a  quencher  on  the  complementary  strand. 
Subsequent  fluorescence  measurements  are  linear  in  Pb(ll)  concentration  in  the  range  10  pM  >  [Pb(ll)]  > 
1  nM.  Additionally,  the  intact  DNAzyme  can  be  regenerated  after  use  for  subsequent  measurement 
cycles.  The  immobilized  DNAzyme  may  also  be  dried  after  assembly  with  little  loss  of  activity  indicating 
that  the  immobilized  system  is  robust.  All  these  results  suggest  that  the  Au  surface-based  DNAzyme-Pb 
recognition  event  leading  to  molecular  beacon  operation  is  suitable  for  incorporation  into  a  portable  Pb(ll) 

detection  device. 

What  else  is  needed  for  a  practical  DNAzyme-Pb-based  sensor?  The  selectivity  of  currently 
available  Pb  detection  schemes  is  relatively  high,  with  a  selectivity  between  two  and  three  orders  of 
magnitude  over  other  divalent  metal  ions.26  However,  this  may  not  be  sufficient  in  some  applications. 
Incorporating  the  DNAzyme  into  a  microfluidic  device  offers  a  convenient  package  and  the  ability  to 
include  capillary  ion  analysis  on  selected  analyte  bands  prior  to  the  Pb  determination  for  greatly  improved 
selectivity.  We  expect  that  the  combination  of  immobilized  DNAzyme  inside  the  nanopores  of  a  hybrid 
nanofluidic/microfluidic  device  will  offer  a  convenient  method  of  accomplishing  this.48  53  Although  all  of 
the  experiments  discussed  here  were  performed  on  planar  Au,  there  is  every  reason  to  believe  the 
molecular  beacon  chemistry  can  be  ported  to  other  Au-coated  surfaces,  such  as  the  electrolessly 
deposited  Au  on  the  interior  of  nanocapillaries,  to  yield  a  flow-through  device  compatible  with  a 
preseparation.  Since  the  rate-limiting  step  is  diffusion  to  and  away  from  the  Au  surface,  incorporation 
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into  a  flow-through  device  is  expected  to  improve  reaction  times  dramatically.  Research  en  route  to  this 


goal  is  on-going. 
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FIGURE  CAPTIONS 


Figure  1.  Fluorescence  spectra  for:  (a)  10  nM  17DS-FI  +  10  nM  HS-17E-Dy,  and  (b)  after  addition  of 
10  pM  Pb(ll). 

Figure  2.  Schematic  of  the  immobilization  and  Pb(ll)  reaction  process:  (a)  piranha-cleaned  Au 
surface,  (b)  assembly  of  HS-17E-Dy,  (c)  subsequent  assembly  of  MCH,  (d)  hybridization  with  17DS-FI,  (e) 
reaction  with  Pb(ll)  cleaves  17DS-FI,  and  (f)  water  soak  removes  the  17-DS-FI  fragment  remaining  from 
cleavage,  prior  to  regeneration. 

Figure  3.  Fluorescence  intensities  for  Pb(ll)  reaction  double-stranded  DNAzyme  on  Au  surface  as  a 
function  of  time.  10  pM  Pb(ll)  added  at  time  t-  0.  Error  bars  represent  the  standard  deviation  obtained 
from  replicate  measurements  on  three  distinct  surfaces,  and  the  solid  line  is  a  fit  to  I(t)  =  I0  +  kt1/2, 
with  !o-  15889  and  k=  13288  min-1/2. 

Figure  4.  Fluorescence  intensities  produced  by  exposure  of  four  surfaces  to  10  pM  Pb(ll).  Three 
negative  controls:  no  DNA,  HS-17E-FI,  HS-17DS-FI,  and  a  positive  control:  DNAzyme.  Error  bars 
represent  the  standard  deviation  obtained  from  replicate  measurements  on  at  least  two  distinct  surfaces. 
Figure  5.  Fluorescence  intensities  for  DNAzyme  assembled  on  Au  surface  after  reaction  with  various 
interfering  divalent  metal  ions.  Standard  deviation  represents  measurements  on  three  distinct  surfaces. 
Figure  6.  Fluorescence  intensities  for  DNAzyme  assembled  on  Au  surface  at  various  Pb(ll) 
concentrations.  Standard  deviation  represents  three  distinct  surfaces. 
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Figure  7.  Fluorescence  intensities  for  DNAzyme,  a  non-regenerated  surface,  and  regenerated  surface 
in  the  presence  of  Pb(ll).  Error  bars  represent  the  standard  deviation  obtained  from  replicate 

measurements  on  at  least  two  distinct  surfaces. 
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TABLE  1 .  DNA  labels  and  sequences. 


17E 

5'-CAT  CT  CTT  CT  CCGAGCCGGT  CGAAATAGT  GAGT -3' 

17DS 

5'-ACT  CACT  AT  rAGG  AAG  AGAT  G-3 ' 

HS-17E-FI 

5'-(C6Thiol)-TTTTTAAAGAGACATCTCTTCTCCGAGCCGGTCGAAATAGTGAGT-Fluorescein-3' 

HS-17E-Dy 

5'-  (C6Thiol)-  TTTTT  AAAGAGACAT  CT  CTT  CT  CCGAGCCGGT  CGAAATAGT  GAGT-Dabcyl-3' 

17DS-FI 

5'-Fluorescein-ACTCACTATrAGGAAGAGATGTCTCTTT-3' 
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ABSTRACT 

A  miniaturized  lead  sensor  has  been  developed  by  combining  a  lead-specific  DNAzyme  with 
a  microfabricated  device  containing  a  network  of  microfluidic  channels  that  are  fluidically 
coupled  via  a  nanocapillary  array  interconnect.  A  DNAzyme  construct,  selective  for  cleavage 
in  the  presence  of  Pb“  and  derivatized  with  fluorophore  (quencher)  at  the  5’  (3’)  end  of  the 
substrate  and  enzyme  strand,  respectively,  forms  a  molecular  beacon,  that  is  used  as  the 
recognition  element.  The  nanocapillary  array  membrane  interconnect  is  used  to  manipulate 
fluid  flows  and  deliver  the  small  volume  sample  to  the  beacon  in  a  spatially  confined  detection 
window  where  the  DNAzyme  is  interrogated  using  laser  induced  fluorescence  (LIF)  detection. 

A  transformed  log  plot  of  the  fluorescent  signal  exhibits  a  linear  response  (r  =  0.982)  over  a 

Plv  concentration  range  of  0. 1  -  100  uM,  and  a  detection  limit  of  1 1  nM.  The  sensor  has  been 

2+ 

applied  to  the  detennination  of  Ptr  in  an  electroplating  sludge  reference  material,  the  result 

9+ 

agreeing  with  the  certified  value  within  4.9%.  Quantitative  measurement  of  Pb“  in  this 
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complex  sample  demonstrates  the  selectivity  of  this  sensor  scheme  and  points  favorably  to  the 
application  of  such  technologies  to  analysis  of  environmental  samples.  The  unique 
combination  of  a  DNAzyme  with  a  microfluidic-nanofluidic  hybrid  device  makes  it  possible  to 
change  the  DNAzyme  to  select  for  other  compounds  of  interest,  and  to  incorporate  multiple 
sensing  systems  within  a  single  device  for  greater  flexibility.  This  work  represents  the  initial 
steps  toward  creation  of  a  robust  field  sensor  for  lead  in  ground  water  or  drinking  water. 
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Introduction 

Bioavailable  lead  is  a  toxic  element,  linked  to  a  variety  of  adverse  health  effects  (1-3).  Since 
lead  is  not  biodegradable,  it  accumulates  in  the  environment  and  produces  toxic  effects  in  plants 
and  animals,  even  at  low  concentrations  (4-6).  With  growing  understanding  of  the  health 
effects  of  lead,  the  US  government  has  increasingly  become  involved  in  addressing  the  lead 
threat,  and  new  regulations  have  been  created  for  lead.  In  the  Clean  Air  Act  Amendment  of 
1990,  the  EPA  designated  Pb”  as  an  “air  toxic”,  meaning  that  it  may  cause  serious  health  and 
environmental  hazards  when  present  as  an  airborne  pollutant  (3-7).  Also,  new  guidance  from 
the  Department  of  Defense  Directive  4715  (5)  requires  a  high  degree  of  management  and 
monitoring  of  impact  areas  on  test  firing  ranges  where  lead  accumulates  due  to  use  of  lead 
containing  munitions.  In  addition,  lead  has  been  listed  as  a  pollutant  of  concern  in  EPA’s  Great 
Water  Program  (9)  due  to  its  persistence  in  the  environment,  potential  for  bioaccumulation,  and 
toxicity  to  humans  and  the  environment.  These  examples  demonstrate  that  the  focus  of  lead 
monitoring  has  been  extended  from  high-dose  effects  for  workers  in  an  industrial  environment  to 
potential  health  and  ecological  hazards  in  the  global  habitat  and  ecosystem.  It  is  therefore 
essential  that  sensitive,  reliable  and  cost-effective  analytical  methods  are  developed  for  the 
remote  monitoring  of  lead. 

Miniaturization  is  currently  an  important  trend  in  environmental  monitoring  due  to  its 
potential  to  reduce  cost,  provide  portability  and  increase  analysis  speed.  In  recent  years, 
considerable  interest  has  been  focused  on  the  development  of  miniaturized  microfluidic  (lab-on- 
a-chip)  systems  (10-13)  offering  improved  analytical  performance  metrics  such  as  inducing  fast 
and  efficient  chemical  reactions  within  small  volumes  and  low  manufacturing  costs.  A  further 
benefit  of  miniaturization  is  the  reduction  in  reagent  and  sample  consumption  and  a  subsequent 
reduction  in  the  quantity  of  waste  produced.  Several  approaches  have  been  published  for  the 
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separation  and  simultaneous  determination  of  metal  ions  based  on  microfluidic  devices  (14-21). 
For  example,  Jacobson  et  al.  have  demonstrated  a  successful  separation  of  Zn,  Cd,  and  A1  with 
detection  limits  in  the  10  -  100  ppb  range  using  a  capillary  electrophoresis  (CE)  microchip  (16). 
Deng  and  Collins  utilized  colorimetric  detection,  and  six  heavy  metals  including  PIT  were 
effectively  separated  and  simultaneously  detennined  on  a  CE  microchip  with  sub  ppb  detection 
limits  after  preconcentration  by  solid-phase  extraction  (21). 

The  use  of  biosensors  for  environmental  pollution  monitoring  has  been  another  growing  area, 
as  these  devices  provide  rapid,  simple  and  reliable  determination  of  pollutants  at  trace  levels. 
Novel  lead  specific  biosensors  have  been  developed  (22-27).  Lu  et  al.  (22,  26-28)  developed  a 
new  biosensor  for  lead  by  combining  the  high  selectivity  of  a  DNAzyme  with  a  molecular 
beacon  strategy  to  achieve  sensitive  and  quantitative  fluorescent  detection  of  Pb“  over  a  wide 
concentration  range  from  10  nM  to  10  pM. 

This  study  demonstrates  the  combination  of  a  Pb”  -specific  DNAzyme  biosensor  with  a 
multi-level  nanofluidic -microfluidic  hybrid  device,  in  which  a  nanocapillary  array  membrane  is 
used  to  control  motion  of  pL-volume  fluid  voxels  from  the  analyte-containing  sample  stream  to 
the  biosensor  compartment.  These  devices  employ  a  membrane  containing  an  array  of 
nanocapillaries  located  between  multilayered  microfluidic  channels,  allowing  for  the  convenient 
and  efficient  control  of  fluids  in  the  device  (29-31).  In  this  paper,  methods  for  adapting  this 
lead-selective  DNAzyme  to  the  nanofluidic  device  are  explored,  an  optimal  protocol  is  identified, 
and  the  analytical  figures  of  merit  including  dynamic  range,  limit  of  detection,  accuracy,  and 
precision  are  determined.  Finally,  the  micro  fluidic  /  DNAzyme  molecular  beacon  is 
successfully  applied  to  analysis  of  Pb"  in  an  electroplating  sludge  certified  reference  material. 
Experimental  Section 
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Materials.  Lactic  acid  and  ammonium  hydroxide  were  obtained  from  Fisher  Scientific  (Fair 
Lawn,  NJ).  HEPES  (N-[2-hydroxyethyl]piperazine-N'-[2-ethanesulfonic  acid]),  sodium 
chloride  and  sodium  hydroxide  were  purchased  from  Aldrich  (Milwaukee,  WI).  Prepolymer 
and  curing  agent  (Sylgard  184,  Dow  Coming  Corp.  Midland,  MI)  and  polycarbonate  nuclear 
track-etched  (PCTE)  membrane  with  a  hydrophilic  wetting  layer  of  poly(vinylpyrrolidine) 
(Osmonics,  Minnetonka,  MN)  were  used  in  the  PDMS  (poly(dimethylsiloxane))  chip.  These 

8 

PCTE  membranes  are  10  microns  thick  with  200  nm  diameter  pores  at  a  pore  density  of  3  x  10 
pores  /  cm".  The  lead  stock  solutions  (1000  mg/L)  were  purchased  from  Fisher  Scientific  as  an 
atomic  absorption  standard  solution  in  2%  HNO3.  Working  solutions  of  lower  concentration 
were  prepared  by  serial  dilution  of  the  stock  solution  with  a  background  electrolyte  (BGE).  The 
BGE  (25  mM  lactate,  25  mM  HEPES,  and  50  mM  NaCl)  was  prepared  by  dissolving  lactic  acid, 
HEPES  and  NaCl  in  deionized  water  (18.2  MQ,  Milli-Q  UV-plus  system,  Millipore,  Bedford, 
MA).  The  pH  of  the  electrolyte  was  adjusted  to  7  with  ammonium  hydroxide.  Calibration  of 
the  chip  sensor  was  perfonned  using  seven  different  lead  concentrations.  All  reagents  were 
analytical  grade  or  higher. 

Preparation  of  DNAzyme.  The  fluorescently  labeled  oligonucleotides  were  purchased 
from  Integrated  DNA  Technology  Inc.  (Coralville,  IA).  The  design  of  lead  DNAzymes  is 
described  in  detail  by  Lu  et  al.  (28).  Briefly,  3'  end  Dabcyl  (4-(4'- 

dimethylaminophenylazo)benzoic  acid)-labeled  enzyme  strand,  termed  17E-Dy,  and  5'  end  FAM 
(6-carboxyfluorescein))  and  3'  end  Dabcyl-labeled  cleavable  DNA  substrate,  tenned  17DS-FD, 
were  chosen  (Figure  1).  The  DNAzyme  enzyme-substrate  complex  was  prepared  with  500  nM 
of  both  17E-Dy  and  17DS-FD  for  LIF  measurements  and  2.5  pM  of  both  enzyme  and  substrate 
for  fluorescence  microscopy  studies.  A  sample  of  enzyme  and  substrate  was  heated  at  90  °C  for 
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2  min  and  slowly  cooled  to  5  °C  for  2  hr.  to  anneal  the  strands  together  and  create  the  complex. 

Sample  Preparation.  The  electroplating  sludge  sample  was  purchased  from  Resource 
Technology  Corporation  (Laramie,  WY)  and  prepared  for  analysis  by  USEPA  Method  3050B 
(32).  The  sludge  sample  was  thoroughly  mixed,  dried  and  ground  immediately  before  use. 
For  the  digestion,  2.5  mL  of  concentrated  HNO3  and  10  mL  of  concentrated  HC1  were  added  to 
0.1  g  sample  and  refluxed  for  15  min.  on  a  hot  plate.  The  digestate  was  filtered  through  filter 
paper  (Whatman  No.  41)  and  the  filtrate  was  collected  in  a  volumetric  flask.  The  filter  paper 
and  the  residue  were  both  washed  with  5  mL  of  hot  HC1.  These  washings  were  collected  in  the 
same  flask.  The  filter  paper  and  residue  were  removed  and  placed  back  in  the  reflux  beaker.  5 
mL  of  concentrated  HC1  was  added  and  heated  at  95  ±  5  °C  until  the  filter  paper  dissolved.  The 
residue  was  filtered  and  the  filtrate  was  collected  in  the  same  flask.  The  cover  and  sides  of  the 
reflux  beaker  were  washed  with  HC1  and  this  solution  was  also  added  to  the  flask.  A  control 
sample  was  prepared  by  following  the  entire  sample  preparation  procedure  without  sludge.  The 
sample  was  diluted  1:1  using  concentrated  ammonium  hydroxide  followed  by  a  1000-fold 
dilution  with  background  electrolyte  before  injecting  on  the  microchip.  The  lead  concentration 
was  determined  based  on  the  actual  weight  of  the  dried  sludge  sample  and  the  final  dilution 
volumes. 

Microfluidic  Device  and  Measurement  System.  Details  of  the  channel  layout  and 
fabrication  of  multilevel  microfluidic-nanofluidic  hybrid  architectures  have  been  provided 
previously  (29).  A  three-dimensional  transport  device  is  depicted  schematically  in  Figure  2. 

Two  identical  channels  (50  pm  wide,  30  pm  deep  and  14  mm  long)  were  orthogonally  oriented 
on  a  PDMS  microchip  and  separated  at  the  intersection  by  a  nanocapillary  array  interconnect 
(NAI);  the  PCTE  membrane  with  200  mn  diameter  cylindrical  pores.  Platinum  wires  (250  pm 
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diameter,  Goodfellow  Corp.,  Berwyn,  PA),  mounted  into  reservoirs  at  the  distal  ends  of  the 
microchannels,  were  used  to  apply  bias  voltages.  An  8-relay  system,  designed  to  switch 
electrical  contacts  between  Pt  electrodes  and  high  voltage  power  supplies  (Bertan  High  Voltage, 
Hicksville,  NY)  for  different  configurations  and  magnitudes  of  microfluidic  manipulation,  was 
computer  controlled  via  a  multifunction  data  acquisition  card  (DAQ,  National  Instruments  Corp., 
Austin,  TX)  and  Labview  software  (National  Instruments  Corp.). 

Fluorescence  microscopy  was  used  for  signal  acquisition  using  an  inverted  Olympus  epi- 
illumination  microscope  (Melville,  NY).  The  CCD  camera  (Javelin  Ultrichip  Hi  Res,  Torrance, 
CA)  output  was  recorded  with  a  videocassette  recorder  and  a  computer-controlled  video  capture 
device  (ATI  Technologies,  Markham,  Ontario,  Canada).  Fluorescence  was  excited  with  488  mn 
radiation  from  an  Ar1  ion  laser  (Innova  300,  Coherent  Inc.,  Santa  Clara,  CA)  which  is  very  close 
to  the  FAM  492  mn  excitation  maximum.  The  laser  light  was  passed  through  a  set  of  irises  and 
a  neutral  density  filter  (Newport,  Irvine,  CA)  before  reaching  a  dichroic  mirror  (505DCLP, 
Chroma  Technology  Corp.,  Brattleboro,  VT).  The  excitation  light  was  focused  by  a  lOx 
objective  for  a  50  pm  diameter  area  of  interrogation.  Fluorescence  signals  were  collected  by 
the  same  lens  and  dichroic  mirror  assembly  and  optically  filtered  through  a  100  pm  pinhole  and 
bandpass  filter  (HQ525/50m,  Chroma  Technology  Corp.)  that  permits  passage  of  the  518  mn 
FAM  emission  maximum  before  being  detected  by  a  photomultiplier  tube  (PMT)  (HC124, 
Hamamatsu  Corp.,  Bridgewater,  NJ).  Control  of  the  PMT  data  collection  was  achieved  through 
computer  with  a  Labview  program  and  data  acquisition  card  (DAQ,  National  Instruments  Corp.). 
All  fluorescence  signals  were  collected  at  the  intersection  of  the  crossed  channels,  i.e.  just  below 
the  nanocapillary  array  interconnect  membrane. 

Results  and  Discussion 
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The  goal  of  this  study  is  to  adapt  the  Pb"  -specific  DNAzyme  concept  to  a  nanofluidic  reagent 
delivery  and  detection  scheme  to  realize  a  robust,  sensitive,  regenerable  platform  for  sensing  of 
Plr  .  The  specific  recognition  of  Pb"  by  the  DNAzyme  is  a  necessary,  but  not  sufficient 
condition  to  realize  a  biosensor.  For  sensing,  the  necessary  elements  of  reagent  delivery,  signal 
generation  and  recording  must  be  added.  Achieving  these  objectives  requires  several  advances 
over  the  macroscale  homogeneous  DNAzyme  assays,  including  (a)  using  solutions  compatible 
with  electrokinetic  control  of  fluid  motion,  (b)  accomplishing  the  molecular  recognition  reaction 
efficiently  within  a  small  (<  100  pL)  volume,  and  (c)  regenerating  the  analytical  reagent,  i.e. 
active  form  of  the  DNAzyme.  After  optimizing  composition  and  device  geometry,  the  overall 
system  is  characterized  in  terms  of  common  analytical  figures  of  merit  and  validated  using  a 
standard  reference  material. 

Pb2+-specific  DNAzyme  and  Electrolyte  Optimization.  The  synthesis  and 
characterization  of  the  Pb”  -specific  DNAzyme  was  described  earlier  in  detail  (28).  The 
enzyme  DNA  strand  is  a  33  base  oligomer  and  the  substrate  DNA  strand  is  a  20  base  DNA/RNA 
chimer  with  a  single  RNA  base  whose  specific  sequences  have  been  previously  determined 
(22,28).  Briefly,  the  molecular  beacon  is  constructed  by  labeling  the  5 "  end  of  the  cleavable 
substrate  with  the  fluorophore  FAM  and  the  3  "  end  with  a  fluorescence  quencher  Dabcyl  and 
labeling  the  3  "  end  of  the  enzyme  strand  with  Dabcyl  as  shown  in  Figure  1 .  When  the  substrate 
(17DS-FD)  is  hybridized  to  the  enzyme  strand  (17E-Dy),  the  fluorescence  of  FAM  is  quenched 
by  inter-  and  intramolecular  Dabcyl.  The  melting  temperature  of  the  uncleaved  substrate  is 
designed  to  be  above  the  room  temperature  (~34  °C)  so  that  the  substrate  will  not  melt  from  the 
enzyme  strand  in  this  hybridized  state.  On  addition  of  Pb"  (the  right  hand  side  of  Figure  1),  the 
substrate  is  cleaved  at  the  RNA  base  site.  Upon  cleavage,  the  melting  temperatures  of  the 
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shorter  parts  of  the  substrate  are  designed  to  be  below  room  temperature  so  that  it  will  melt  and 
dissociate  from  the  enzyme  strand  (28).  Thus,  FAM  is  no  longer  in  close  proximity  to  the 
Dabcyl  quenchers  and  the  fluorescence  increases  with  the  concentration  of  Pb"  .  In  a  previous 
report,  the  substrate  cleavage  reaction  was  monitored  using  fluorescence  spectroscopy  that 
illustrated  the  excellent  sensitivity,  dynamic  range  (quantifiable  detection  in  the  range  of  10  nM 
2_|_ 

<  [Pb  ]  <10  pM),  and  selectivity  (at  least  an  80-fold  selectivity  enhancement  over  other 
divalent  metals)  for  Pb2+  (22). 

Optimizing  the  composition  of  the  background  electrolyte  (BGE)  is  critical,  because  the 
composition  affects  biosensor  performance  and  detection  efficiency.  The  electrolyte  must  allow 
controllable  fluidic  transfer  of  lead-containing  analyte  solution,  delivery  of  the  hybridized  DNA 
strands  (DNAzyme)  and  sample  to  the  detection  window,  while  also  enabling  high  efficiency 
cleavage  of  the  DNA  substrate  in  the  presence  of  Pb-  .  Future  generations  of  the  device  shown 
in  Figure  2  may  include  four  fluidic  channels;  an  injection  channel  that  has  a  continually 
refreshed  sample  stream,  a  separation  channel  that  can  act  as  a  capillary  electrophoresis  column 
to  isolate  the  analyte  from  other  matrix  components,  the  nanofluidic  gate  PCTE  membrane,  and  a 
detection  channel  containing  the  DNAzyme.  Solution  flow  along  any  channel  can  be  controlled 
via  potential  bias  application.  Injection  of  a  sample  band  onto  the  separation  (source)  channel 
merely  requires  the  application  of  the  correct  bias  along  the  ends  of  the  injection  and  separation 
channels.  The  migration  rate  of  the  analyte  must  be  characterized  to  know  its  movement  along 
the  separation  channel  and  the  time  interval  when  the  analyte  is  present  at  the  NAI.  Another 
bias  change  will  divert  solution  flow  through  the  PCTE  membrane  and  thus  introduce  the  analyte 
into  the  detection  channel.  The  analyte  is  simultaneously  removed  from  potential  matrix 
interferents  and  established  in  the  appropriate  detection  electrolyte.  Clearly,  this  proposed 
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device  may  require  one  electrolyte  for  optimal  electrophoretic  separation  and  a  second 
electrolyte  for  effective  DNAzyme  cleavage.  Current  research  is  investigating  the  ability  of  the 
NAI  to  segregate  these  cross  channel  solutions.  While  electrophoretic  separation  is  not 
occurring  on  the  device  described  in  this  report,  the  future  goal  is  to  optimize  DNAzyme 
performance  while  retaining  the  possibility  of  pre-separating  a  metal  ion  mixture  by  capillary  ion 
analysis  in  the  microfluidic  device.  Therefore,  the  lactate  system,  developed  by  Fritz  et  al.  (33) 
for  the  separation  of  metal  ions  and  lanthanides  by  capillary  electrophoresis,  became  the  starting 
electrolyte.  Using  the  12  mM  lactate  system  at  pH  4,  pH  5  and  pH  7,  Pb“  was  separated  from 
other  divalent  metal  ions  such  as  Mn“  ,  Cd  ,  Co  ,  Ni"  ,  and  Cu  in  a  laboratory  capillary 
electrophoresis  (CE)  (P/ACE,  Beckman  Coulter  Inc.,  Fullerton,  CA)  system  equipped  with 
indirect  UV  detection.  For  the  CE  study,  8  mM  4-methylbenzylamine  was  used  as  a  UV 
reagent,  the  separation  voltage  was  30  kV,  and  a  75  pm  ID  and  60  cm  long  capillary  was  used. 
Unfortunately,  the  DNAzyme  was  not  active  in  the  presence  of  Pb"  in  these  lactate  system.  In 
an  effort  to  improve  the  DNA  cleavage  reaction  perfonnance,  50  mM  HEPES  with  50  mM  NaCl 
(22)  was  selected  as  a  potential  electrolyte.  Addition  of  50  mM  NaCl  was  found  to  play  a 
critical  role  in  stabilizing  the  substrate  and  enzyme  strand  hybridization  reaction,  resulting  in 
improved  sensitivity.  But  CE  separation  was  not  optimal  in  the  HEPES  buffer.  Finally,  the 
BGE  was  optimized  by  a  combination  of  lactate  and  HEPES  at  25  mM  with  50  mM  NaCl. 

Under  this  condition,  Pb“  was  separated  from  other  metal  ions  on  the  laboratory  CE  and  the 
DNA  cleavage  reaction  was  efficient  (700%  fluorescence  enhancement  in  the  presence  of  5  pM 
Pb  ).  The  use  of  higher  NaCl  concentrations  was  not  pursued  in  order  to  prevent  generation  of 
excess  current  within  the  microchannels  where  Joule  heating  degrades  performance  and  can 
eventually  cause  bubble  formation. 
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Transport  Control  and  Measurement.  The  function  of  the  microfluidic  device  is  to 
introduce  and  reactively  mix  the  lead-containing  sample  with  the  Pb“  -selective  DNAzyme. 

NAI  provides  a  controllable  mechanism  for  fluidic  metering  and  rapid  mixing  (29-31,  34).  In 
essence,  the  PCTE  membrane  acts  as  an  electronically  gateable  valve  with  voltage-controlled 
fluid  transport  rates,  preventing  fluid  flow  between  vertically  separated  microchannels  in  the  otf- 
state,  and  electrokinetically  driving  fluid  flow  across  the  membrane  when  the  proper  voltage 
scheme  is  applied  to  the  four  terminal  device.  In  the  off-state,  any  diffusion  of  analyte  across 
the  NAI  is  below  our  detection  limit  as  shown  by  the  use  of  fluorescent  probes  under  reverse  bias 
conditions  (29,  30). 

The  electrical  bias  pathways  for  the  sequence  of  on  and  off  states  on  the  microfluidic  device 
are  defined  in  Figure  3a  and  b.  The  source  channel  (horizontal)  was  filled  with  1  pM  Pb“ 
solution  in  BGE  and  the  receiving  channel  (vertical)  was  filled  with  2.5  pM  hybridized  DNA  in 
BGE.  The  sequential  images  in  Figure  3c-h  capture  the  fluorescence  from  repeated  injections 
of  Pb  at  the  intersection  of  the  cross-channels.  Figure  3c  shows  the  background  fluorescence 
of  the  two  channel  system.  The  dotted  white  lines  indicate  the  position  of  the  horizontal 
channel  and  fluorescence  from  the  vertical  channel  is  barely  observable.  In  the  on  state  (Fig. 
3d-e),  Pb  -containing  solution  is  electrostatically  driven  from  the  horizontal  channel  across  the 
NAI  to  the  vertical  channel  containing  the  DNAzyme.  To  accomplish  this  transfer,  positive 
high  voltages  were  applied  to  the  reservoirs  at  the  two  ends  of  the  source  channel  and  the  upper 
reservoir  of  the  receiving  channel  while  grounding  the  bottom  reservoir  of  the  receiving  channel. 
The  transfer  efficiency  of  Pb-  is  proportional  to  the  magnitude  of  applied  bias  on  either  end  of 
the  source  channel  (Figure  3a)  up  to  400  V,  showing  larger  transfer  ratios  at  higher  voltages. 
However,  bubble  generation  due  to  electrolysis/heating  was  observed  after  several  repetitive 
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injections  at  voltages  higher  than  400  V,  thereby  establishing  an  upper  limit  on  the  voltage 
applied  to  any  of  the  channel  arms.  With  a  200  mn  pore  diameter  NAI,  the  bias  condition 
illustrated  in  Figure  3  a  causes  Pb”  flow  from  both  anns  of  the  source  channel  through  the 
nanocapillary  array  toward  the  bottom  reservoir  of  the  receiving  channel. 

As  soon  as  the  on  state  bias  is  applied  (Fig.  3d),  the  Pb21  plug  moves  through  the  NAI  toward 
the  ground  end  of  the  receiving  channel  and  starts  to  cleave  the  substrate  DNA,  resulting  in  a 
significant  fluorescence  increase.  The  cleaved,  fluorescently  tagged  DNA  has  a  slight  negative 
charge  and  is  thus  transported  toward  the  positively  biased  upper  reservoir,  giving  rise  to 
fluorescence  on  both  sides  of  the  channel  intersection.  The  off  state  switches  the  positive  bias 
on  the  source  channel  to  ground,  stopping  the  injection  of  Pb2+  into  the  receiving  channel  and 
flushing  the  cleaved  DNA  strand  to  the  upper  reservoir  (Fig.  3f)  until  all  cleaved  DNA  is 
removed  from  the  viewing  image  (Fig.  3g).  Repetitive  injections  of  Pb"  solution  (Fig.  3h) 
show  that  this  microfluidic  chip  can  be  used  repeatedly. 

Calibration,  Precision,  and  Detection  Limit.  Calibration  of  the  DNA  biosensor  coupled 
microfluidic  system  was  accomplished  by  measuring  fluorescence  intensity  (DNAzyme  substrate 
strand  cleavage  efficiency)  as  a  function  of  Pb”  concentration  in  the  range  of  100  nM  <  [Pb  ]  < 
200  pM.  A  plot  of  fluorescence  enhancement  vs.  lead  concentration  is  shown  in  Figure  4.  At 
each  measurement,  electrical  bias  was  cycled  four  times  between  on  and  off  states.  Each  datum 
in  the  plot  represents  the  average  fluorescence  enhancement  of  these  four  trials  as  a  function  of 
Pb”  concentration  and  the  error  bars  represent  ±  <j.  The  expression  of  best  fit  for  the  plot  is 
described  as  \n(Imax-I)  =  -  0.0436  [Pb”  ]  +  4.2072,  where  Imax  and  /  are  maximum  fluorescence 
enhancement  (%)  and  fluorescence  enhancement  (%)  at  the  lead  concentration,  respectively. 

The  micro  fluidic  system  response  has  a  linear  correlation  using  the  above  expression  over  the 
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100  nM  to  100  pM  concentration  range  with  a  correlation  coefficient  (r“)  of  0.98.  This  range 

2+ 

likely  encompasses  Ptr  concentration  levels  for  most  environmental  samples.  Repetitive 
detection  of  100  nM  Pb”  is  illustrated  in  Figure  5.  During  repetitive  injection  sequences, 
signals  were  reproducible  with  a  coefficient  of  variation  of  3.5%  (n=5)  and  the  baseline 
consistently  returned  to  a  constant  level.  The  detection  limit  was  evaluated  by  repetitive 
injection  of  50  nM  Pb  standard  solution.  From  the  baseline  noise  during  the  off  state  and  the 
fluorescence  intensity  of  50  nM  Pb”  at  during  the  on  state,  the  detection  limit  (signal-to-noise 
ratio  of  3: 1)  was  detennined  to  be  11  nM  (2.2  ppb)  that  is  lower  than  the  72  nM  (15  ppb)  action 
level  in  drinking  water  recommended  by  the  U.S.  Environmental  Protection  Agency  (35). 

These  results  demonstrate  that  the  combination  of  electrokinetically  actuated  measurement 
cycles  on  a  microfluidic  device  and  a  Pb"  -selective  DNAzyme  produce  a  device  sensitive 
enough  to  monitor  lead  in  drinking  water  or  ground  water. 

Determination  of  Lead  in  an  Electroplating  Sludge  Standard  Reference  Material.  To 
challenge  the  microfluidic  DNAzyme  sensor  against  a  complex  matrix,  it  was  used  for  Pb” 
determination  in  an  electroplating  sludge  standard  reference  material.  The  certified  metal 
contents  in  this  material  are  shown  in  Table  1 .  For  this  assay,  the  standard  addition  method  was 
used  to  account  for  matrix  effects.  In  this  electroplating  sludge  sample,  it  was  also  observed 
that  copper  (at  a  two-fold  higher  molar  concentration)  partially  quenched  the  fluorescence  of 
cleaved  DNA,  resulting  in  a  systematic  error  in  the  quantitative  detection  of  Pb”  .  Since  the 
solubility  constant  of  Pb(OH)2  (Ksp=  2.5  x  10'16)  is  three  orders  of  magnitude  larger  than  that  of 
Cu(OH)2  (Ksp=  1.6  x  10'19)  (37),  it  was  possible  to  effect  quantitative  removal  of  copper  in  the 
sludge  digestate  as  a  copper  hydroxide  precipitate  at  the  electrolyte  pH  of  >  8.  We  confirmed 
that  copper  ion  was  removed  to  an  undetectable  level  using  the  laboratory  CE  instrument.  The 
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lead  ion,  on  the  other  hand,  gave  a  quantitative  recovery  at  pH  8  and  the  enzymatic  DNA 
reaction  was  even  more  efficient  than  at  pH  7,  showing  faster  reaction  times  in  the  microfluidic 
device.  Other  metal  ions  did  not  interfere  in  the  quantitative  determination  of  lead. 

Figure  6  shows  the  standard  addition  curve  for  the  detennination  of  lead  in  the  sludge  sample. 
The  sludge  digestate  was  prepared  as  described  earlier  but  four  aliquots  were  spiked  with  a  50 
mM  PIT  standard  solution  to  make  final  added  concentrations  of  7,  12,  52  and  102  pM  Pb 
producing  a  five  point  calibration  including  the  non-spiked  sludge  sample.  The  experiments 
were  conducted  in  the  same  manner  as  the  calibration  using  the  lead  standard  in  buffer  solution. 
The  calibration  plot  had  a  correlation  coefficient  of  0.9993.  The  concentration  of  lead  in  the 
standard  electroplating  sludge  reference  material  was  determined  to  be  [Pb"  ]  =  125,200  ±  3,756 
mg/kg,  a  value  within  4.9%  of  the  certified  value  of  1 19,344  mg/kg,  indicating  the  potential  for 
excellent  accuracy  of  this  microfluidic  /  DNAzyme  system  for  Pb"  detennination. 

Although  this  DNAzyme  is  selective  for  Pb"  compared  to  its  response  for  other  divalent 
cations,  higher  selectivities  are  required  in  some  applications.  This  microfluidic  device  will  be 
further  developed  so  that  the  sample  analytes  are  separated  using  on-chip  capillary 
electrophoresis,  allowing  user  selectable  fractions  of  the  sample  flow  to  be  introduced  to  the 
DNAzyme  (30,  38).  For  such  a  system,  the  selectivity  for  particular  ions  would  be  enhanced, 
since  it  will  be  detennined  by  the  product  of  the  ability  to  separate  the  desired  metal  cation  from 
interfering  metal  ions  and  the  selectivity  of  the  DNAzyme  molecular  recognition  agent  itself. 

The  sensitivity  and  robust  nature  of  the  DNAzyme  can  also  be  improved  by  immobilizing  the 
DNA  within  the  NAI  pores,  instead  of  using  it  in  solution  (39).  This  platform  offers  the 
possibility  of  incorporating  multiple  sensing  locations  in  one  device;  thus,  by  incorporating 
different  metal  ion  selective  DNAzymes  into  a  single  microfluidic  device,  multiple  species  can 
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be  determined  simultaneously. 
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FIGURE  CAPTIONS 


FIGURE  1.  The  sensor  is  composed  of  a  dual-labeled  cleavable  substrate  DNA  whose  5'-  and 
3 '-end  is  labeled  with  a  fluorophore  (FAM)  and  a  quencher  (Dabcyl),  respectively,  and  an 
enzyme  strand  whose  3 '-end  is  labeled  with  a  Dabcyl.  Initially,  the  fluorescence  of  FAM  is 
quenched  because  of  the  close  proximity  of  the  Dabcyl.  In  the  presence  of  Pb~ h,  the  substrate 
DNA  is  cleaved,  resulting  in  the  release  of  fragments  and  a  concomitant  increase  in  fluorescence. 

FIGURE  2.  Schematic  of  a  three-dimensional  nanocapillary  array  interconnect  (NAI)  gateable 
microfluidic  device.  Both  crossed-microfluidic  channels  are  identical  with  dimensions  of  50 
pm  width,  30  pm  depth,  and  14-mm  length. 

FIGURE  3.  Electrical  bias  configurations  for  fluidic  control  of  lead  and  DNAzyme  within 
NAI/microfluidic  device  (2a  and  b).  (a)  on  state  and  (b)  off  state.  Temporal  sequence  of 
fluorescence  images  at  the  intersection  of  the  crossed  microchannels  (2c-h).  Source  channel 
(horizontal)  was  filled  with  1  pM  Pb2+  in  BGE  (25  mM  lactic  acid,  25  mM  HEPES,  50  mM 
NaCl)  and  receiving  channel  (vertical)  was  filled  with  hybridized  DNAzyme  in  BGE.  Dashed 
lines  indicate  the  position  of  the  horizontal  source  channel.  Applied  voltages  were  (c)  all 
reservoirs  were  floated  and  (d)  on  state  causing  injection  of  Pb2+  solution.  Lead  solution  is 
transferred  from  the  source  channel,  across  the  NAI  toward  grounded  reservoir.  The  reaction 
with  DNAzyme  produced  fluorescence  from  cleaved  DNA  in  the  receiving  channel,  (e)  During 
on  state  bias,  the  DNA  cleavage  reaction  reached  equilibrium  and  a  constant  fluorescent  signal  is 
maintained  (captured  image  is  ~40  s  after  on  state  bias  is  applied).  Pb"  plug  continued  to  move 
to  the  ground  electrode  and  cleaved  DNA  moved  toward  the  positive  bias,  (f)  ~1  s  after  off 
state  bias  is  applied,  (g)  ~40  s  after  off  state  bias  is  applied.  Cleaved  DNA  moved  toward  the 
positive  bias  and  the  receiving  channel  was  flushed  with  bulk  hybridized  DNAzyme  solution,  (h) 
Repetitive  Pb“  plug  injection  after  switching  back  to  the  on  state  bias. 

FIGURE  4.  Plot  of  fluorescence  enhancement  as  a  function  of  lead  ion  concentration  from  0.1, 
1,  5,  10,  50,  100  and  200  pM.  Error  bars  represent  ±  1  a  (n=4).  Inset  shows  the  plot  of  \n(Imax 
- 1)  vs.  [Pb“  ]  demonstrating  excellent  linearity  (r  =  0.982)  over  the  0.1  to  100  pM  range. 

FIGURE  5.  Typical  fluorescence  signals  during  repetitive  Pb“  injection  (100  nM  in  BGE). 
Detection  was  perfonned  at  the  intersection  of  crossed  channels.  Electrical  bias  configurations 
are  described  for  Figure  2a  and  b.  On  state  was  maintained  for  20  s  and  switched  to  off  state  for 
10  s,  repetitively. 

FIGURE  6.  Plot  of  fluorescence  enhancement  as  a  function  of  lead  ion  concentration  spiked  in 
the  electroplating  sludge  sample  for  standard  addition  calibration.  Error  bars  represent  ±  1  o 
(n=4). 
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TABLE  1 .  Certified  metal  content  in  electroplating  sludge  reference  material 


element 

concn,3  mg/kg 

element 

concn,  mg/kg 

element 

concn,  mg/kg 

A1 

692.5  ±  82.5 

Ba 

173.3  ±23.5 

Ca 

562.7  ±33.0 

Cr 

79.5  ±  14.1 

Cu 

63,169.3  ±2410.0 

Fe 

2,698.7  ±814.5 

Pb 

119,344.0  ±27453.0 

Mg 

(80.0) 

Mn 

17.5  ±2.1 

Hg 

(1.4) 

Ni 

193.6  ±  15.0 

Ag 

56.4  ±6.3 

Na 

(1,576.2) 

Zn 

182.6  ±41.0 

a  Certified  and  noncertified  values  (36),  values  in  parentheses  are  not  certified;  certified  values  are 
determined  on  a  dry  weight  basis;  uncertainties  are  one  standard  deviation  of  the  measurement;  the 
uncertainty  is  obtained  from  95%  Confidence  Intervals. 
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Figure  3. 
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